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(1)

CARBON SEQUESTRATION TECHNOLOGIES

WEDNESDAY, NOVEMBER 7, 2007

U.S. SENATE,
SUBCOMMITTEE ON SCIENCE, TECHNOLOGY, AND

INNOVATION,
COMMITTEE ON COMMERCE, SCIENCE, AND TRANSPORTATION,

Washington, DC.
The Subcommittee met, pursuant to notice, at 2:35 p.m. in room

SR–253, Russell Senate Office Building, Hon. John F. Kerry, Chair-
man of the Subcommittee, presiding.

OPENING STATEMENT OF HON. JOHN F. KERRY,
U.S. SENATOR FROM MASSACHUSETTS

Senator KERRY. Thank you very much for being here. I apologize
for being a little late, I had a meeting on the House side, and it
takes a little longer to get over here.

I want to thank the witnesses for joining us here today for this.
This will be a single panel presentation on the critical issue of car-
bon sequestration and the technologies that apply to it.

This is one of a series of hearings that this Subcommittee is en-
gaged in on this topic. In April, we held a hearing on clean coal
and carbon capture, focusing on the electric power industry, and
today we’re looking specifically on the sequestration issue. We in-
tend to hold a hearing sometime in the not-too-distant future on
gasification and capture technologies. It may be very early next
year that we wind up doing that.

Everybody, the concept of climate change is on everybody’s
tongue tips these days, with greater or lesser degrees of under-
standing, depending upon who’s talking about it, and what sort of
effort they’ve made to look at the science and the background on
it.

This Committee, I’m proud to say, right here, Al Gore and I and
a few others, and very few others, held the very first hearings on
climate change in 1987. And subsequently, we went to Rio for the
Global Climate Conference, the Earth Summit as it was known,
and from there to Buenos Aires, and ultimately to Kyoto. Now
we’re here, 20 years later, without a whole lot of progress, and
without any real major government initiative and commitment to
this urgent issue. That, in itself, is pretty stupefying.

When you measure the science now, with respect to this issue,
I think about a year and a half ago, 2 years ago, scientists were
warning us that you needed to keep the concentration of green-
house gases down to about 550 parts per million, and you could
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maybe tolerate a 3 degree centigrade increase in the earth’s tem-
perature.

Because of the feedback from Earth itself over the course of these
last years, we are now seeing reevaluations of all of those esti-
mates, stark reevaluations.

The IPCC study, on which most nations have based their initia-
tives, had a cutoff date of 2005. So, we’ve had almost 2 years now
of subsequent data. And, it’s interesting, the other day I did a com-
pilation of the scientific reports that have come out in those inter-
vening 2 years. With respect to insect infestation in forests in Can-
ada, Alaska, and northern Wyoming, Montana and elsewhere, with
respect to understanding the importance of tropical forests, and the
amount of deforestation that has taken place, that is adding to the
amount of CO2. With respect to the melting of the Antarctic and
West Antarctic and Greenland ice sheet, 100 billion metric tons of
melt a year, for an ice sheet that was stable in 1990.

With respect to the Super El Niño effects, with respect to the
melt of the floating ice sheets on the Arctic, elsewhere, which is ex-
posing more ocean to warming, and to therefore, not a cycle of re-
flection of the sun’s rays, but of absorption of them, and therefore
a faster rate of warming—you can run down the list, folks.

I met with the Audubon the other day, and they talked about
how their members are telling them of a hundred-mile vegetation
movement, already discerned in the United States with respect to
what grows where and how. So, things are changing, and they’re
changing fast.

And the bottom line is that they now estimate that we can only
tolerate a 2 degree centigrade increase before you reach the tipping
point, the catastrophic tipping point, and 450 parts per million is
the allowable level.

Now, that’s a concern, for the simple reason that, since the In-
dustrial Revolution, we’ve gone from 270 to 370, 380 parts per mil-
lion right now, right now. And what’s already up in the atmosphere
will continue to do damage for the next 80 to 100 years, and no-
body knows exactly what, or how, or how it compounds, so applying
a precautionary principle, and being smart as public people is sort
of screaming out at us, even as we still face some flat Earth caucus
members, here in the Senate and elsewhere.

This kind of gathering is really important, because in the end,
we’re looking at coal as one of the most critical components of deal-
ing with this issue. We have 164 years of coal reserves, compared
to about 41 years of oil reserves, by most estimates. And we have
huge amounts of it in the United States, and China has huge
amounts of it.

At the rate we’re going today, without a big change, we are going
to produce somewhere between 600 to 900 parts per million of
greenhouse gases at the current rate of burning fossil fuels. So,
we’ve got a gigantic challenge. And everybody who is talking about
use of coal is now talking about carbon capture and sequestration,
CCS, as it’s known.

Today we want to hear the thoughts of those here, I know North
Dakota, they already do some CCS, they use carbon for enhanced-
oil recovery. The industry has used it for some 30 years. But we
need to know, what is the ability to capture, what’s the ability to
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store, what length of time, what amounts, and how quickly can we
achieve that?

I will be introducing legislation today that will establish 3 to 5
commercial-scale sequestration facilities, and 3 to 5 coal-fired dem-
onstration plants, with carbon capture and establish an inter-
agency process to determine a regulatory framework for CCS, di-
rect USGS to perform a capacity assessment of sequestration po-
tential, and establish an aggressive CCS R&D program at DOE.

Most people have suggested to me that we can only do this if we
really kick in to high gear, in terms of demonstration projects and
commercialization efforts. I think there’s a lot we can do. We also
need to authorize technology-sharing agreements with China,
India, and other coal-intensive developing countries, and move on
this in a joint fashion.

So, we welcome our panel, Senator Dorgan, do you have any
opening comment?

STATEMENT OF HON. BYRON L. DORGAN,
U.S. SENATOR FROM NORTH DAKOTA

Senator DORGAN. Mr. Chairman, briefly, I regret I can’t stay for
the entire hearing, I have a meeting in the Leader’s Office at three
o’clock. The question is not whether we engage in carbon capture
and sequestration, the question is how. Half of our electricity in
this country comes from coal-based resources. We’re going to con-
tinue to use coal, the question is—how do we use coal, and how do
we capture and sequester?

In North Dakota we have the Nation’s only synthetic gasification
plant, making synthetic natural gas from coal. We capture 50 per-
cent of the carbon, put it in a pipe and move it to Canada for the
purpose of enhanced oil recovery. So that, I think is the world’s
largest project of its kind, but we need to do a lot of that, we need
to do a lot of things to understand what works and what doesn’t.

Frankly, the President, for example, in his budget, did not re-
quest nearly enough funding. I’m the Chairman of the Energy and
Water Appropriations Subcommittee, I increased the funding for
fossil fuels by 30 percent over the President’s request. The only
way we’re going to get to where we need to get is to invest in the
research and development, to make real investments in these
projects. So, I’ve increased the funding by 30 percent. The Presi-
dent’s complaining about those increases, but I think if we’re going
to solve this, it’s absolutely essential that we provide the funding
for the research.

And just one final point, if I might, I think the solution, in many
ways, to be able to continue to use our coal resources, is going to
be in new technologies and new approaches. And sometimes they
might represent old inquiries.

I met a fellow who has left the government and is now with a
company in Massachusetts, Senator Kerry, engaged in algae issues,
you know, single-celled pond scum. Pond scum, called algae, is pro-
duced with sunlight and CO2. Well, guess what? This guy worked
17 years for our National Energy Lab in algae and then the fund-
ing was discontinued. I’ve just continued the funding in the ETL
for algae research.
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But the interesting thing about algae is it feeds on CO2, and pro-
duces a super-fuel. Wouldn’t it be interesting if we discover that we
can use wastewater and produce algae, which increases in bulk in
hours, and sequester the CO2, I should say, capture and use the
CO2 to produce algae which, essentially, destroys the CO2 and pro-
duces a super fuel.

And they were telling me, if you take soy beans, and produce eth-
anol, an acre of soy produces about 80 gallons of ethanol. An acre
of corn produces about four or five hundred gallons of ethanol. An
equivalent amount of algae would produce four to five thousand
gallons of ethanol or super fuel.

Wouldn’t it be interesting if we unlocked the mystery of all of
this, and used technology to solve some of these issues? I just men-
tion that as one idea, but there are a series of them that are going
to come from research. If we don’t do the research, we’re not going
to unlock the opportunities.

And I would say to my colleague, Senator Kerry, thank you for
your leadership. You’re absolutely correct, 20 years ago you were
talking about these issues, I’m now talking about the need to con-
tinue to use coal, and use it the right way, by sequestering, cap-
turing and sequestering carbon, because that’s essential, in my
judgment.

So, I’m sorry I can’t stay for the entire hearing, but I’ll have a
chance to read the testimony, and I appreciate this excellent group
of witnesses being with us today.

Senator KERRY. Senator Dorgan, let me just say that the meeting
Senator Dorgan has to go to, I’m going to have to pop out too, very
briefly, at three o’clock. It happens to be a meeting on this subject,
with 30 CEOs of major groups involved in the issue of this alter-
native energy. So I will go out and come back. During it, Senator
Stevens will be here, and he’s agreed to cover for me during that,
and I appreciate it.

Senator Stevens, do you have any opening?

STATEMENT OF HON. TED STEVENS,
U.S. SENATOR FROM ALASKA

Senator STEVENS. I’ll just put my statement in the record. I’d be
pleased to introduce Mr. Wolfe when the time comes. But, this is
an area in which I’m pleased to say, there ought to be bipartisan
support, and I look forward to working with you on the whole pros-
pect of getting some demonstration plants to go into this whole
subject of carbon sequestration.

I think it’s one of the things we ought to know—if the technology
is there, and if it works.

Thank you.
[The prepared statement of Senator Stevens follows:]

PREPARED STATEMENT OF HON. TED STEVENS, U.S. SENATOR FROM ALASKA

Mr. Chairman, thank you for holding this hearing today on carbon sequestration
technologies. I would like to thank the witnesses for their testimony.

In particular, I would like to welcome Ron Wolfe. Mr. Wolfe is Sealaska’s cor-
porate forester and manager of the Office of Natural Resources. Mr. Wolfe has had
a long and proud history of serving the Juneau community and Alaska as a whole.
Prior to joining Sealaska, he was the forester for the Central Council of Tlingit and
Haida Indian Tribes of Alaska and Chief Forester for the Klukwan Corporation. As
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a member of the Alaska Board of Forestry, Mr. Wolfe will provide valuable insight
into forestry’s critical role in carbon capture and sequestration and I look forward
to hearing his testimony.

Energy is the lifeblood of our economy, without it, our ability to compete globally
would be lost. Therefore, it is vital that our country’s energy needs continue to be
met if we are to maintain a competitive edge in today’s global economy. By expand-
ing our alternative energy portfolio, improving efficiency, and developing ways to ex-
ploit more cleanly our abundant natural resources, I believe we can achieve environ-
mental stability while still allowing the economy to prosper. Carbon capture and se-
questration is one such technology that may provide part of the solution.

This technology, while helping to reduce the amount of carbon dioxide entering
the atmosphere, can also aid in recovering reserves of petroleum previously thought
to be unrecoverable. Doing so will become more and more important as global oil
reserves diminish and as petroleum prices rise. Further, forestry offers the widely
understood option of capturing atmospheric carbon by growing more trees. This so-
lution helps not only the environment, but also the economy and culture of many
communities that depend on healthy forest management.

While the promises of carbon sequestration technology are great, I believe it is
important to have a full understanding of this technology before implementing it.
For instance, understanding how long-term sequestration may affect ground water
supplies is just one of many issues of vital importance. Further, we must also real-
ize that different regions require different solutions.

The Nation’s energy needs must be met through a variety of solutions. The 21st
century will be the proving ground for our commitment to achieve both energy inde-
pendence and new, clean fuels. We can solve our current energy crisis through a
combination of initiatives. Increased domestic production, conservation, and the de-
velopment of alternative sources of energy will all be part of the broader solution,
but the appropriate balance must be found between all options. Carbon capture, in
its several forms, will inevitably be part of this balance.

Senator KERRY. Thank you, Senator Stevens, and your statement
will be put in the record.

Senator Ensign?

STATEMENT OF HON. JOHN ENSIGN,
U.S. SENATOR FROM NEVADA

Senator ENSIGN. Mr. Chairman, I’ll put my formal statement also
in the record, without objection but the—just a couple of quick com-
ments.

We all know the abundance of coal that we have in the United
States, and in this world that we live in today, we’re relying more
and more on countries that are not exactly favorable to the United
States. So, if we can develop more coal power plants, other uses for
coal in our energy portfolio into the future, and we can do it in an
environmentally sound way, it—from so many different ways, it
makes sense for the United States.

So, I appreciate you holding this important hearing, I do think
this is a place where Republicans and Democrats can come to-
gether, with environmentalists, with industry folks, and try to
work out some solutions.

As much as we’d all like to have wind and solar, and geothermal
and the rest of the renewables, we know that there is, they’re not
abundant enough with the current technology that exists, so we
have to have some fossil fuels, so we can get carbon, as a fossil
fuel, to be much more environmentally sound, we should be pur-
suing that with everything that we have.

So, thanks for holding this hearing.
[The prepared statement of Senator Ensign follows:]
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PREPARED STATEMENT OF JOHN ENSIGN, U.S. SENATOR FROM NEVADA

Mr. Chairman, I would like to thank you for holding this hearing today on coal
and carbon capture technologies.

It is widely recognized that continued reliance on Middle East oil is neither smart
energy policy nor smart security policy. In order to meet the rapidly growing energy
needs of this country we must develop the resources that are available domestically.
This cannot be done using only one fuel or one technology. It must be done by using
all of the resources at our disposal including coal.

Coal is both abundant and inexpensive. In the United States alone, coal-fired
power plants satisfy more than half of the Nation’s energy needs and this percent-
age is likely to increase in the future.

The key is to ensure that we are employing this resource in the most efficient and
environmentally responsible manner possible. New technologies to make this pos-
sible are on the horizon. Carbon capture and sequestration is just one of many proc-
esses already in development. Groundbreaking research is being conducted to de-
velop ways to burn coal in order to maximize energy yield and employ cleaner and
more efficient processes.

Nevada is a prime example of a state dedicated to doing its part to meet our grow-
ing energy needs and has been a national leader in the generation of renewable en-
ergy. Nevada also recognizes that there will be times when the wind is not blowing
and the sun is not shining that people will still need electricity. In order to respond,
Nevada is committed to keeping its energy supply diverse and is planning to build
two state-of-the-art, environmentally compliant, clean pulverized coal plants. Both
of these plants will be built to accommodate retrofits when large scale carbon cap-
ture and sequestration (CCS) technologies are demonstrated feasible.

This project is an important part of Nevada’s ongoing strategy to develop and
maintain a balanced energy portfolio and reduce our emissions footprint. The plants
in Nevada will be the catalyst for the development of more renewable energy re-
sources (particularly wind energy in the mountains of eastern Nevada) by providing
transmission access to northern and southern Nevada via a proposed 250-mile
transmission line between the two operating companies.

Like many of the alternative energy technologies currently in development, no one
single solution will solve the problem of meeting energy needs in a responsible man-
ner. However, if the technology proves commercially feasible and environmentally
responsible, we should continue to explore the benefits clean coal can offer to our
economy. I look forward to all of our witnesses’ testimony and their insight into how
we can achieve this goal.

Senator KERRY. Thank you, Senator Ensign, your statement will
also be put into the record.

Thank you, members of the panel, for being patient with us, and
we look forward to your testimonies.

If you could try to summarize them in 5 minutes, the full written
statement will be placed in the record, as if read in full. We appre-
ciate the summaries, they give us a little more time to have some
give and take.

Mr. Herzog, would you begin, and we’ll just run down the line?
Introduce yourselves, and go to work.

STATEMENT OF HOWARD HERZOG, CH.E.,
PRINCIPAL RESEARCH ENGINEER, LABORATORY FOR
ENERGY AND THE ENVIRONMENT, MASSACHUSETTS

INSTITUTE OF TECHNOLOGY

Mr. HERZOG. Howard Herzog, Principal Research Engineer at
MIT.

Mr. Chairman, and Members of the Committee, thank you for
this opportunity to appear before you today to discuss carbon se-
questration technologies, or more specifically, the sequestration of
carbon dioxide into geologic formations.

I’ve been involved with carbon dioxide capture and storage, re-
ferred to as CCS, for over 18 years.
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Senator KERRY. Can you pull the mic a little closer, I think we’ll
get a little more.

Mr. HERZOG. I was coordinating lead author on the Intergovern-
mental Panel on Climate Change, Special Report on Carbon Diox-
ide Capture and Storage, as well as a co-author on the MIT report,
The Future of Coal. Over the past few years, I’ve also been a U.S.
delegate to the Carbon Sequestration Leadership Forum.

Coal is a critical fuel for the world, as you have just said in your
statements. It supplies a majority of electricity at inexpensive
prices in many countries, including the U.S., China and India.

However, coal is responsible for about 40 percent of the world’s
carbon dioxide emissions. In the MIT Future of Coal study we con-
cluded that carbon dioxide capture and sequestration is the critical
enabling technology that will reduce carbon dioxide emissions sig-
nificantly, while also allowing the world to meet its pressing energy
needs.

So, while we recognize that CCS is not a silver bullet, we do view
it as a critical component in a portfolio of climate change mitiga-
tion options.

For geologic sequestration, the MIT Coal Study finds current evi-
dence indicates it is scientifically feasible to store large quantities
of carbon dioxide in geologic formations. This statement is based on
actual field experience with carbon sequestration; other types of
carbon dioxide injections such as enhanced oil recovery or injection
of other buoyant fluids like natural gas for seasonal storage; pilot
tests; as well as modeling and assessment studies.

However, to scale up from what we refer to as the current meg-
aton, or millions of tons per year scale to the required gigaton, or
billions of tons per year scale, is a major challenge and should not
be underestimated. To move forward, we need to address the sci-
entific and regulatory uncertainties associated with geologic stor-
age at scale.

The MIT coal study states that in order to address outstanding
technological issues that need to be resolved to confirm CCS as a
major mitigation option, and to establish public confidence that
large-scale sequestration is practical and safe, it is urgent to under-
take a number of large-scale experimental projects in reservoirs
that are instrumented, monitored and analyzed to verify the prac-
tical reliability and implementation of sequestration.

Specifically, we recommend about 10 sequestration demonstra-
tions worldwide, with a minimum of 3 projects in the U.S. to rep-
resent the range of U.S. geology.

It should be noted that all of the world’s current large sequestra-
tion projects are offshoots of commercial projects, with the science
coming as an afterthought. We need the next round of sequestra-
tion demonstrations designed with scientific data collection as a
primary goal to enable us to reach the gigaton scale.

In additional to the demonstration program, other key rec-
ommendations from the coal study are that the U.S. Geological
Survey, and the DOE should embark on an assessment of U.S. geo-
logical storage capacity. The DOE should accelerate its research
program in CCS science and technology, and that a regulatory ca-
pacity needs to be built.
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Regulations need to cover the injection of carbon dioxide account-
ing and crediting as part of a climate regime, and site closure and
monitoring.

While geologic sequestration is scientifically feasible, it is not
technologically or institutionally ready. If the recommendations
given above are pursued aggressively, we should be able to achieve
technological readiness in 8 to 10 years.

There’s urgency to start moving sequestration demonstrations
forward as quickly as possible. The goal should be to achieve tech-
nological readiness by the time climate legislation creates market
opportunities for CCS technologies. Unfortunately, we are currently
not on that path.

The number one impediment to moving ahead is lack of funding.
To achieve technological readiness both capture and sequestration,
the MIT coal study recommends about a billion dollars a year for
the U.S. CCS program. This is about 3 to 4 times the existing level
of commitment into the current R&D and demonstration programs.

At current funding levels, demonstration projects will be forced
to cut corners, which can result in a process to simply demonstrate
we can inject carbon dioxide into the ground, which we routinely
do right now, but will not advance the cause of technological readi-
ness.

Climate change is a challenge mankind must address for at least
the coming decades, and possibly centuries. Even when policies to
deal with climate change are implemented, the inherent dynamics
of both the energy and climate system means that the benefits
from our actions may take decades to appear. Therefore, while the
debate on climate change proceeds, it seems both prudent and rel-
atively inexpensive to strive toward technological readiness. We
don’t want to add further delays into the system by not having
technological options available when needed. This is why there’s
urgency to get on the path to technological readiness now.

Thank you.
[The prepared statement of Mr. Herzog follows:]

PREPARED STATEMENT OF HOWARD HERZOG, CH.E., PRINCIPAL RESEARCH ENGINEER,
LABORATORY FOR ENERGY AND THE ENVIRONMENT, MASSACHUSETTS INSTITUTE OF
TECHNOLOGY

Mr. Chairman and Members of the Committee, thank you for the opportunity to
appear before you today to discuss carbon sequestration technologies or more specifi-
cally, the sequestration of CO2 into geologic formations. I have been involved with
CO2 capture and sequestration (CCS) for over 18 years. I started my first research
project in CCS in 1989. In 1992–93, under Department of Energy (DOE) funding,
I led a 2-year effort that produced the first comprehensive research needs assess-
ment in the field (see DOE/ER–30194). More recently, I was a coordinating lead au-
thor on the Intergovernmental Panel on Climate Change (IPCC) Special Report on
Carbon Dioxide Capture and Storage (see www.ipcc.ch), as well as one of 13 co-au-
thors on the just released MIT report on The Future of Coal (see www.mit.edu/coal).
For the past few years, I have also been a U.S. delegate to the Technical Group of
the Carbon Sequestration Leadership Forum (see www.cslforum.org).

Coal is a critical fuel for the world. It supplies the majority of electricity at inex-
pensive prices in countries like the U.S., China, and India. However, coal also is re-
sponsible for about 40 percent of the world’s CO2 emissions. In the MIT Future of
Coal Study, ‘‘we conclude that CO2 capture and sequestration (CCS) is the critical
enabling technology that would reduce CO2 emissions significantly while also allow-
ing coal to meet the world’s pressing energy needs.’’ So while we recognize that CCS
is not a silver bullet, we do view it as a critical component in a portfolio of climate
change mitigation options.
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For geological sequestration, the MIT Coal Study finds: ‘‘current evidence indicates
that it is scientifically feasible to store large quantities of CO2’’ in geologic forma-
tions. This statement is based on actual field experience with CO2 sequestration
(e.g., Sleipner, Weyburn, In-Salah), other types of CO2 injections (e.g., enhanced oil
recovery, acid gas disposal), injection of other buoyant fluids (e.g., natural gas stor-
age), and pilot tests (e.g., Frio Brine), as well as modeling and assessment studies.
However, to scale up from what we refer to as the current megaton (i.e., millions
of tons per year) scale to the required gigaton (i.e., billions of tons per year) scale
is a major challenge and should not be underestimated. To move forward, we need
to address the scientific and regulatory uncertainties associated with geologic stor-
age at scale.

‘‘In order to address outstanding technical issues that need to be resolved to con-
firm CCS as a major mitigation option, and to establish public confidence that large
scale sequestration is practical and safe, it is urgent to undertake a number of large
scale (on the order of 1 million tonnes/year injection) experimental projects in res-
ervoirs that are instrumented, monitored, and analyzed to verify the practical reli-
ability and implementation of sequestration.’’ Specifically, the MIT Coal Study rec-
ommends about ten sequestration demonstrations worldwide, with about three
projects in the U.S. to represent the range of U.S. geology. It should be noted that
the world’s current large sequestration projects operating today are all offshoots of
commercial projects, with the science coming as an afterthought. We need the next
round of sequestration demonstrations designed with scientific data collection as a
primary goal to enable us to start scaling up to the gigaton scale.

In addition to the demonstration program, other key recommendations from the
coal study are:

• The U.S. Geological Survey and the DOE should embark on a 3 year ‘‘bottom-
up’’ analysis of U.S. geological storage capacity assessments.

• The DOE should accelerate its research program for CCS Science and Tech-
nology.

• A regulatory capacity covering the injection of CO2, accounting and crediting as
part of a climate regime, and site closure and monitoring needs to be built.

Summing up the situation, while geologic sequestration is scientifically feasible,
it is not technologically or institutionally ready. If the recommendations given above
are pursued aggressively, we should be able to achieve technological readiness in
about 8–10 years. There is urgency to start moving the sequestration demonstra-
tions forward as quickly as possible. The goal should be to achieve technological
readiness by the time climate legislation creates market opportunities for CCS tech-
nologies. Unfortunately, we are not currently on that path.

The number one impediment to moving ahead is lack of funding. To achieve tech-
nological readiness for both capture and sequestration, the MIT Coal Study rec-
ommends about $1 billion/yr for the U.S. CCS program. This is about 3–4 times the
existing level of commitment for current R&D and demonstration programs. The
current funding levels will require proposed demonstrations to cut corners, which
can result in projects that demonstrate we can inject CO2 into the ground (which
we already know we can do), but will not advance the cause of technological readi-
ness.

In summary, climate change will not be solved overnight. Rather, it will be a chal-
lenge mankind must address for at least the coming decades and possibly centuries.
Even when policies to deal with the climate challenge are implemented, the inher-
ent dynamics of both the energy and climate systems means that the benefits from
our actions may take decades to appear. Therefore, while the debate on climate pol-
icy proceeds, it seems both prudent and relatively inexpensive to achieve techno-
logical readiness. We don’t want to add further delays into the system by not having
technological options available when needed. That is why there is urgency to get on
the path to technological readiness now.

Thank you.

ATTACHMENT

For more details on these topics, please see the MIT Coal Study at www.mit.edu/
coal. Chapter 4 deals with the topic of geological sequestration. Below are the intro-
duction and recommendations of that chapter.

Introduction
Carbon sequestration is the long term isolation of carbon dioxide from the atmos-

phere through physical, chemical, biological, or engineered processes. The largest po-
tential reservoirs for storing carbon are the deep oceans and geological reservoirs
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in the earth’s upper crust. This chapter focuses on geological sequestration because
it appears to be the most promising large-scale approach for the 2050 timeframe.
It does not discuss ocean or terrestrial sequestration.

In order to achieve substantial GHG reductions, geological storage needs to be de-
ployed at a large scale. For example, 1 Gt C/yr (3.6 Gt CO2/yr) abatement, requires
carbon capture and storage (CCS) from 600 large pulverized coal plants (∼1000 MW
each) or 3,600 injection projects at the scale of Statoil’s Sleipner project. At present,
global carbon emissions from coal approximate 2.5 Gt C. However, given reasonable
economic and demand growth projections in a business-as-usual context, global coal
emissions could account for 9 Gt C [by 2050]. These volumes highlight the need to
develop rapidly an understanding of typical crustal response to such large projects,
and the magnitude of the effort prompts certain concerns regarding implementation,
efficiency, and risk of the enterprise.

The key questions of subsurface engineering and surface safety associated with
carbon sequestration are:

Subsurface issues:

• Is there enough capacity to store CO2 where needed?
• Do we understand storage mechanisms well enough?
• Could we establish a process to certify injection sites with our current level of

understanding?
• Once injected, can we monitor and verify the movement of subsurface CO2?

Near surface issues:

• How might the siting of new coal plants be influenced by the distribution of
storage sites?

• What is the probability of CO2 escaping from injection sites? What are the at-
tendant risks? Can we detect leakage if it occurs?

• Will surface leakage negate or reduce the benefits of CCS?

Importantly, there do not appear to be unresolvable open technical issues under-
lying these questions. Of equal importance, the hurdles to answering these technical
questions well appear manageable and surmountable. As such, it appears that geo-
logical carbon sequestration is likely to be safe, effective, and competitive with many
other options on an economic basis. This chapter explains the technical basis for
these statements, and makes recommendations about ways of achieving early reso-
lution of these broad concerns.

* * * * * * *

Recommendations
Our overall judgment is that the prospect for geological CO2 sequestration is ex-

cellent. We base this judgment on 30 years of injection experience and the ability
of the earth’s crust to trap CO2. That said, there remain substantial open issues
about large-scale deployment of carbon sequestration. Our recommendations aim to
address the largest and most important of these issues. Our recommendations call
for action by the U.S. government; however, many of these recommendations are ap-
propriate for OECD and developing nations who anticipate the use CCS.

1. The U.S. Geological Survey and the DOE, and should embark of a 3 year ‘‘bot-
tom-up’’ analysis of U.S. geological storage capacity assessments. This effort might
be modeled after the GEODISC effort in Australia.

2. The DOE should launch a program to develop and deploy large-scale sequestra-
tion demonstration projects. The program should consist of a minimum of three
projects that would represent the range of U.S. geology and industrial emissions
with the following characteristics:

• Injection of the order of 1 million tons CO2/year for a minimum of 5 years.
• Intensive site characterization with forward simulation, and baseline moni-

toring.
• Monitoring MMV arrays to measure the full complement of relevant param-

eters. The data from this monitoring should be fully integrated and analyzed.

3. The DOE should accelerate its research program for CCS S&T. The program
should begin by developing simulation platforms capable of rendering coupled mod-
els for hydrodynamic, geological, geochemical, and geomechanical processes. The
geomechanical response to CO2 injection and determination or risk probability-den-
sity functions should also be addressed.
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4. A regulatory capacity covering the injection of CO2, accounting and crediting
as part of a climate regime, and site closure and monitoring needs to be built. Two
possible paths should be considered—evolution from the existing EPA UIC program
or a separate program that covers all the regulatory aspects of CO2 sequestration.

5. The government needs to assume liability for the sequestered CO2 once injec-
tion operations cease and the site is closed. The transfer of liability would be contin-
gent on the site meeting a set of regulatory criteria (see recommendation 4 above)
and the operators paying into an insurance pool to cover potential damages from
any future CO2 leakage.

Senator KERRY. That’s very helpful, thank you, Mr. Herzog.
Mr. Fox?

STATEMENT OF CHARLES E. FOX, VICE PRESIDENT,
KINDER MORGAN CO2 COMPANY

Mr. FOX. Mr. Chairman, Members of the Subcommittee, thank
you for giving me the opportunity to testify on carbon capture se-
questration technologies, also known as CCS.

My name is Chuck Fox, and I serve as Vice President of Kinder
Morgan CO2 Company. I’ve submitted a more detailed statement to
the Committee, and ask it be made a part of the record.

I will summarize my remarks along five specific categories.
Kinder Morgan’s background with CCS is related to technologies,
carbon capture science issues, transportation technology issues,
storage issues, and finally, non-technical barriers to creating CCS
in the U.S.

Kinder Morgan is one of the largest midstream energy companies
in the U.S. It operates more than 30,000 miles of natural gas and
products pipelines across the U.S., Canada and Mexico.

Kinder Morgan CO2 Company is the largest pipeline transporter
of CO2 in the world, the second largest CO2 EOR company, and the
third largest oil producer in Texas. We have extensive experience
in transporting CO2 and injecting it into the ground.

Also, as a supplier of CO2 we have reviewed the capture proc-
esses in order to locate new sources.

Of the various CCS components, capture is the most costly.
Today, there are two viable processes—post-combustion capture,
and pre-combustion capture, and one developing process—oxy-fuel
combustion.

Post-combustion capture has been practiced for more than 60
years. The technology is well-known, but unfortunately is costly.
CO2 is captured by bubbling flue gas through a chemical absorbent.
This process is energy intensive, since post-combustion gases have
low concentrations of CO2.

Flue gas is primarily composed of nitrogen, a major constituent
of air. Large volumes of flue gases must be managed. The pre-com-
bustion capture and oxy-fuel processes seek to cut costs by reducing
the flue gas volume by removing nitrogen from the system.

In pre-combustion capture, fossil fuel is injected with steam and
air or oxygen to produce two gas streams—hydrogen and CO2. Pre-
combustion capture could be used with IGCC’s power plants. In
fact, the gasification process is being used by the Dakota Gasifi-
cation Company to splice CO2 to an oil field in Canada.

In oxy-fuel combustion, oxygen is used instead of air for combus-
tion of fuels, thereby eliminating nitrogen from the flue gas. The
flue gas is composed primarily of water and CO2. Unfortunately,
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combusting with fuel and oxygen creates an extremely high-tem-
perature flame, and existing steel cannot handle it. Given the rel-
ative cost, only the pre-combustion process seems to be viable for
large-scale capture in the near term.

The most economical way to transport large volumes of CO2 is
by pipelines. CO2 has been transported safely for over 35 years.
CO2 is not as dangerous to transport by pipeline as other gases. It
is not flammable, explosive or poisonous. Few accidents or leaks
have been reported on CO2 pipelines. None of the dozen leaks that
have occurred between 1986 and 2006 resulted in injuries. There
are a few technical issues that must be resolved, regarding the
transportation, and I made some suggestions in my written testi-
mony.

Geological storage may present the most formidable challenge of
any CCS development. Like transport, storage has a well-estab-
lished and documented history, through established EOR activities.
Though the science and engineering knowledge gained through
EOR are well-understood, the technology was not developed to
store CO2 for long periods. Relatively little is known, for example,
about saline aquifers, the largest and most widespread of CO2 stor-
age options. These aquifers need to be characterized.

In addition, technology created for EOR must be extended, so
that the migration of CO2 through the subsurface can be mon-
itored, and the ultimate fate of CO2 can be determined.

Although some technological barriers exist that could delay the
economical application of CCS to mitigate climate change, non-
technical barriers must also be surmounted. Of all CCS issues,
none is as contentious or as critical as the issue of ultimate liabil-
ity. Companies may not be willing to enter the storage business un-
less there is some relief from an eternal and unlimited liability.

Another topic discussed in the recent IOGCC report on CCS is
ownership of the storage site. The issue of mineral rights versus
surface rights must be settled prior to the creation of sites. In addi-
tion, the use of eminent domain to create storage sites and pipeline
right-of-ways, must be defined by the states or Federal Govern-
ment.

In addition, much of the pipeline industry has migrated toward
the Master Limited Partnership, or MLP structure. The current tax
law may not define revenues received for transportation of CO2 for
CCS to be qualifying income. As such, the tax structure would not
support the development of a CCS transportation infrastructure.

Even with these challenges, I believe that industry is prepared
to respond positively to society’s call to find economical methods to
mitigate climate change.

Thank you.
[The prepared statement of Mr. Fox follows:]

PREPARED STATEMENT OF CHARLES E. FOX, VICE PRESIDENT,
KINDER MORGAN CO2 COMPANY

Mr. Chairman and Members of the Subcommittee, thank you for giving me the
opportunity to testify on carbon capture sequestration technologies, also known as
carbon capture and storage or CCS. My name is Charles E. Fox and I serve as Vice
President of Kinder Morgan. This is my full written statement and this document
covers several topics related to carbon sequestration also known as carbon capture
and storage: the development of the related CO2 enhanced oil recovery (EOR) tech-
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1 Anthropogenic CO2 (CO2a) is defined as man-made CO2 that is captured from an emissions
source that otherwise would have been released to the atmosphere. Natural CO2 (CO2n) is CO2
which is produced from naturally occurring underground sources that are primarily operated to
supply CO2. CO2 produced from McElmo Dome is CO2n. CO2 captured from a natural gas plant
in the Val Verde basin is CO2a because even though the CO2 occurs naturally with the natural
gas, the CO2 is a byproduct of the natural gas production operations.

nology; the practical science behind carbon capture and sequestration technologies,
the technical barriers to implementing such technologies and finally the non-tech-
nical barriers to creating a carbon capture and storage business in the United
States.

First, as introduction, Kinder Morgan is one of the largest midstream energy com-
panies in the U.S., operating more than 30,000 miles of natural gas and products
pipelines across the United States, Canada and Mexico. Kinder Morgan CO2 Com-
pany LLP is the largest transporter of CO2 in the world; the second largest producer
of oil through CO2 enhanced oil recovery processes, and the third largest oil pro-
ducer in Texas. Mr. Fox is the Vice President of Operations and Technology for
Kinder Morgan CO2 Company and co-authored the monograph, Practical Aspects of
CO2 Flooding, for the Society of Petroleum Engineers.

Development of CO2 Enhanced Oil Recovery
The oil industry has over thirty-five years of experience producing and trans-

porting CO2. Commercial scale CO2 enhanced oil recovery (EOR) began in 1972 in
the Permian Basin which is located in west Texas and eastern New Mexico (see Fig-
ure 1). Anthropogenic 1 CO2 was recovered from natural gas plants in the Val Verde
Basin in Texas and then pipelined to the Chevron operated SACROC and Shell op-
erated North Cross oil fields. During the 1970s the commerciality of CO2 EOR was
established which set the stage for a major expansion in the 1980s. Major oil compa-
nies such as Shell, Mobil, Exxon, Amoco and Arco funded the construction of the
Permian Basin infrastructure to source CO2 for their own oil fields. Natural, nearly
pure, underground sources at the McElmo Dome (Colorado), Bravo Dome (New Mex-
ico) and Sheep Mountain (Colorado) fields were developed. The major pipelines were
laid (Cortez, Bravo and Sheep Mountain). Also during this decade Exxon began cap-
turing anthropogenic CO2 from the natural gas and helium Shute Creek plant at
the LaBarge (Wyoming) and began to supply the Chevron operated Rangley field in
Colorado. Shell also developed the Jackson Dome field in Mississippi to supply its
oil fields in Mississippi and Louisiana. In the 1990s Great Plains Gasification Com-
pany began capturing anthropogenic CO2 from its coal gasification plant in North
Dakota and built a line to Saskatchewan to supply the Pan Canadian operated
Weyburn oil field.
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2 http://www.netl.doe.gov/technologies/carbonlseq/partnerships/phase1/pdfs/CarbonSepa
rationCapture.pdf.

During this period several short lived or intermittent sources were developed. Fer-
tilizer plants which emit pure CO2 at atmospheric pressures supplied small fields
in Oklahoma and Texas. Of note was a capture project at the Lubbock Power and
Light, Holly Street Plant. CO2 was captured from the flue stack, and a CO2 pipeline
was laid to the Garza oil field.

The oil price collapse in 1986 made the CO2 flooding uneconomic without inexpen-
sive CO2. While the natural sources and the Val Verde basin capture plants with
lower variable costs were able to offer CO2 for sale at reduced prices and stay in
business, the Lubbock power plant was unable to sell CO2 at a price its customer
could afford and the CO2 project was discontinued.

From the 1970s to the 1990s, major oil companies (Shell, Mobil, Exxon, Amoco,
Arco, etc.) had research centers which conducted much of the research and develop-
ment that was needed to initiate the new CO2 EOR process. They and universities
such as Stanford, the University of Texas, New Mexico Tech and the University of
Alberta conducted research in topics such as intrinsic CO2 properties, simulation of
the underground movement of CO2, corrosion processes and its mitigation, flow
through piping and separation of CO2 from impure sources. By the time many of
the industry research facilities were shut down during the downturn in oil prices
and the consolidation of the industry, the essential research was complete.

Today more than 200,000 BOPD are being produced in the U.S. due to the injec-
tion of CO2. Approximately 37 million metric tons per year are purchased for injec-
tion into these fields. Approximately 7 million metric tons per year (19 percent) are
from anthropogenic sources (Val Verde Basin—1.4, LaBarge—4.1, Dakota Gasifi-
cation 1.8 million metric tons per year). To date, more than one billion barrels have
been produced in the U.S. due to CO2 EOR.

Carbon Capture Science
There are three pieces to the carbon capture and storage business: capture, trans-

portation and storage. This document touches briefly on capture which Kinder Mor-
gan has studied in order to locate economical sources of CO2 and focuses more on
transportation and storage in which Kinder Morgan has more expertise.

Capture of CO2 is the first part of the process. Research has identified three main
types of capture processes: post combustion capture, pre-combustion capture and
oxyfuel combustion. Pre-combustion capture appears to have the most promise for
wide spread, economical capture of CO2.

Post-Combustion Capture
Having been practiced for over 60 years, though not for the primary purpose of

capturing CO2, post-combustion capture is the most mature technology for CO2 cap-
ture. It involves removing the CO2 from air-fired flue gas after the combustion of
fossil fuels (natural gas, coal, oil) or biomass. The capture pieces are located down-
stream of the combustor to separate and remove the CO2 from the flue gas. Air-fired
combustors generally emit flue gases with low concentrations of CO2 (3–15 percent
by volume). This fact plus the high gas flow rates and low pressures means that
post-combustion capture plants must have large equipment in order to process huge
amounts of flue gas. Due to the low concentration of CO2, chemical absorption ap-
pears to the most efficient means of separation.

Before the CO2 can be removed by chemical absorption; however, the flue gas
stream must be pretreated. First, the flue gas must be cooled. Next, acid gases like
SOX (sulfur oxides) and NOX (nitrogen oxides), must be removed or significantly re-
duced. These acid gases react with the chemical solvent and reduce the solvent’s
ability to capture the CO2. Different levels of SOX and NOX are tolerable depending
on the cost of the chemical solvent.

Chemical absorption with amine solvents is usually used for the CO2 separation.
Not only does it execute high capture efficiency, chemical absorption can also be uti-
lized with relatively low costs and energy consumption in comparison to other exist-
ing post-combustion capture processes. One of the most common absorbents used is
monoethanolamine (MEA).

The MEA chemical absorption process can recover 85–95 percent 2 of the CO2 in
the flue gas and produce a stream of CO2 with a purity of 99 percent by volume
at low pressure. Unfortunately, large amounts of energy are consumed in the heat-
ing and regenerating the lean solvent, the steam production for stripping, the com-
pression for transport, as well as in the powering of flue gas fans and pumps. As
a result, there is a large energy penalty. 1–1.5 MW can be consumed in regenerating
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3 http://www.aseanenvironment.info/Abstract/41013970.pdf.
4 http://www.ipcc.ch/activity/srccs/SRCCSlChapter3.pdf.
5 http://www.delphi.ca/apec/Modules/Module2.pdf.
6 http://www.delphi.ca/apec/Modules/Module3.pdf.

the solvent for every metric ton of CO2 recovered.3 Other problems with the MEA
process include equipment corrosion, solvent degradation due to the presence of oxy-
gen, and the formation of heat-stable salts when SOX and NOX molecules are al-
lowed to react with the amine solution. Furthermore, if particulates (fly ash) are not
satisfactorily removed prior to entering the absorber foaming and degradation of the
solvent can occur. After cooling and dehydrating for water removal, the highly con-
centrated CO2 stream that results is compressed for transport and sequestration.
Primarily due to the energy penalty, other technologies for carbon capture are being
pursued.

Pre-Combustion Capture
It is possible to capture CO2 before combustion. There are three main components

to pre-combustion decarbonization. First, the fossil fuel is reacted with steam and
air or oxygen to produce a synthesis gas primarily composed of hydrogen and carbon
monoxide. Second, the carbon monoxide is reacted with steam to form CO2 and addi-
tional hydrogen in a catalytic reactor called a shift converter. Third, the CO2 can
be separated, usually by physical or chemical absorption, creating two gas streams:
one of CO2 and one of hydrogen.4 The CO2 is condensed and transported and the
hydrogen is used as fuel gas in a gas turbine or boiler. Pre-combustion capture could
be used in conjunction with (coal) integrated gasification combined cycle (IGCC)
power plants that already produce syngas prior to combustion.

Physical absorption can also used for CO2 separation (and hydrogen sulfide re-
moval) from syngas by using solvents such as Selexol (dimethylether of polyethylene
glycol) or Rectisol (cold methanol). Physical absorption works best when high partial
pressures of CO2 are applied at low temperatures. For example, absorption with
Selexol occurs at temperatures of 0–5 degrees Celsius.5 The solvents are then regen-
erated by heating or reduction of pressure thereby releasing the CO2.

Chemical absorption is an alternative technique that can be used to capture the
CO2 from the syngas. The most common solvent used for pre-combustion chemical
absorption is methyl-diethanolamine (MDEA). Although it is more expensive than
MEA, the chemical solvent commonly used in post-combustion, MDEA is more at-
tractive in pre-combustion decarbonization because the chemical bonds that form
with the CO2 are weaker and easier to break and thus less energy/heat is required
in the regenerator. While chemical absorption is feasible, physical absorption is a
more energy efficient capture option in pre-combustion capture.

Pre-combustion appears to be very advantageous for many reasons. First, hydro-
gen can be used as a chemical or refining feedstock in addition to a fuel. Second,
the higher concentrations of CO2 can lead to more compact, less expensive equip-
ment since less gas volume must be treated. Third, the high partial pressure of the
CO2 means that it is easier to separate CO2 from the gas streams. Solvents that
form weaker bonds (like MDEA) which require lower energy to restore/regenerate
are suitable thereby reducing the cost of capture. Last, pre-combustion capture can
be accomplished with techniques that are currently available. Natural gas reforming
is currently practiced, and IGCC plants have been successfully demonstrated. All of
these reasons make pre-combustion the best and cheapest option strictly for carbon
capture. However, building the new IGCC plants would be more expensive from an
overall perspective than building conventional plants without capture.

Oxy-fuel Combustion
In oxy-fuel combustion, pure or nearly pure oxygen gas is used instead of air for

combustion of fuels or biomass thereby eliminating nitrogen from the flue gas. The
combusted gas is primarily composed of water and CO2. When fuel is burned in pure
oxygen, the flame temperature is extremely high and the system has to be adapted
in some way to withstand such heat. Combusting fuel in pure oxygen can occur at
temperatures as high as 3500 degrees Celsius. Unfortunately, gas turbines can only
withstand combustion temperatures of 1300–1400 degrees Celsius and oxy-fuel coal-
fired boilers can withstand temperatures of 1900 degrees Celsius. CO2-rich flue gas
recycling and water stream injections are two proposed methods to moderate com-
bustion temperature.6 After a flue gas clean up and cooling of the resulting flue gas
to condense and separate out the water vapor, the flue gas has a CO2 concentration
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7 http://www.ipcc.ch/activity/srccs/SRCCSlChapter3.pdf.
8 http://gcep.stanford.edu/pdfs/RxsY3908kaqwVPacX9DLcQ/kobayashilcoallmar05.pdf.
9 http://opencrs.cdt.org/rpts/RL33971l20070419.pdf.
10 http://www.delphi.ca/apec/Modules/Module4.pdf.
11 http://www.ipcc.ch/activity/srccs/SRCCSlChapter4.pdf.

of 80–98 percent. This CO2 rich stream can then be compressed, dried, and further
purified before storage or use.7

Advantages of this system include lower investment costs, higher concentrations
of CO2 and smaller flue gas volumes that must be separated. Impurities like SOX,
NOX, and mercury are more concentrated in the lower volumes of flue gas, making
purification easier and cheaper. Furthermore, there is a reduction in NOX since ni-
trogen was eliminated when oxygen is used for combustion.

The oxygen required for this system is currently produced by low-temperature
(cryogenic) air separation. First, air is compressed and cooled and water vapor is
removed. Additional water vapor and CO2 are removed by adsorption in molecular
sieves. Next, the stream is sent through a heat exchanger and is cooled to ¥300
degrees Fahrenheit via refrigeration. Then high and low pressure distillation col-
umns are used to separate the air streams into oxygen and nitrogen. Cryogenic oxy-
gen production generates oxygen with concentrations as high as 99.9 percent pos-
sible.8 It is an expensive process.
Transportation

The most economical way to transport large volumes of CO2 is by pipelines, which
is where Kinder Morgan CO2 Company’s expertise lies and, thus, will be the focus
of this testimony in regards to CO2 transportation.
Safety

CO2 is not as dangerous to transport by pipeline as other gases. It is not flam-
mable, explosive, or poisonous. The main safety concern with transporting CO2 is
asphyxiation resulting from oxygen being displaced in the surrounding air with CO2
originating from a leak in the pipeline. In addition, CO2 is denser than air, and
should it leak from a pipe, it would collect in areas of low elevation. However, few
accidents/leaks have been reported in CO2 pipelines. None of the dozen leaks that
occurred between 1986 and 2006 resulted in any injuries to people.9

Although CO2 is not flammable or explosive, when in the supercritical, dense
phase, it is extremely sensitive to temperature fluctuations. In basic terms, as tem-
perature increases, so does pressure. However, this is not a linear relationship in
the supercritical region (where the CO2 has the characteristics of both liquids and
gases). Relatively slight increases in temperature can result in relatively large in-
creases in pressure, thus potentially exceeding the yield stress of the steel pipeline
causing a rupture. This is easily avoided with properly designed and installed pres-
sure relief devices.

In circumstances where hydrogen sulfide is present in the stream, considerations
must be made regarding protection from hydrogen sulfide releases. This is done in
part by correct material selection, properly designed and installed monitoring sys-
tems, and education of the operators and the public about exposure to hydrogen sul-
fide.

Costs
In 2003, an estimate for the annual cost of transporting CO2 was $1.5–$2/metric-

ton of CO2 per 62 miles for a mass flow rate of 2.16 MM metric-tons of CO2 per
year.10 Pipeline costs can vary in different regions. Pipelines built near heavily pop-
ulated centers or in areas with mountains, rivers, and other obstacles tend to have
higher costs. Onshore pipelines are generally less expensive than offshore pipelines
that operate at higher pressures and lower temperatures.11 Transportation cost
rates also tend to drop when the amount of CO2 (throughput) and distance covered
is increased. As a result, it is more economically efficient to transport large amounts
of CO2 over substantial distances.

Operation and Quality Specifications
CO2 is transported in pipelines as a supercritical, dense phase fluid, operating

above the critical pressure or temperature. The critical pressure for CO2 is 1,071
pounds per square inch (psi) and the critical temperature is 88 degrees F. If a fluid
is above its critical pressure then no matter how much the temperature changes,
there will be no condensation or vaporization i.e., two phases will never exist at the
same time. This is important because transporting and metering a two phase mix-
ture (liquid and gas) is difficult. Normally CO2 is transported between 60–90 de-
grees F and between 1,500–2,200 psig; although, CO2 pipelines often operate at
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12 http://uregina.ca/ghgt7/PDF/papers/poster/350.pdf.
13 The MMP is the pressure at which CO2 EOR works at maximum efficiency.

higher pressures to overcome for the frictional losses as the CO2 flows through the
pipes.

Before it can be moved through a pipeline, the CO2 must first be dehydrated to
remove water from the stream, which is usually accomplished by standard glycol de-
hydration. Water content is significant because when CO2 dissolves in water it
forms carbonic acid which causes corrosion. In addition, hydrates can form that
could cause blockages in the pipes and heat exchangers. To avoid these issues, the
maximum allowable water content in CO2 pipeline transportation is typically 30 lb/
MMscf.12

Pipeline integrity is maintained using standard pipeline techniques. The most
common method to determine the condition of a pipeline is in-line inspection also
known as smart pigging. Intelligent pig technology is successfully used in pipelines
transporting products other than CO2, but has not been sufficiently developed for
CO2 pipelines. To prevent internal corrosion in a CO2 pipeline, the water is removed
in the process plants by the use of dehydration systems. The water content is con-
tinuously monitored to maintain the pipeline water content specification. In pipe-
lines upstream of dehydration, non-corroding materials are used.

In addition to water, CO2 can also contain impurities such as hydrogen sulfide
(H2S), SOX, NOX, oxygen, nitrogen, and hydrocarbons. The presence of any of these
in the fluid stream can create challenges not only in CO2 transportation but in EOR
injection as well; i.e., minimum miscibility pressure (MMP) requirements,13 selection
of construction materials, required treatment processes, etc. Oil field operators nor-
mally want to inject CO2 that will be miscible with the reservoir oil at the reservoir
conditions. To mitigate such challenges, the following should be taken into consider-
ation:

Constituent Maximum Recommended Concern

Water 30 lbs/MMscf Corrosion
Hydrogen Sulfide 10–20 ppm Safety/Materials
Oxygen 10 ppm Corrosion
Nitrogen 4% Increases MMP
Hydrocarbons 5% Increases MMP
Glycol 0.3 gal/MMscf Operations
Temperature 120 deg F Materials

Reasons for these limits are provided:
Water—CO2 and free water combine to form carbonic acid which is very corrosive.

Transporters of CO2 want to transport a completely non-corrosive substance. 30 lbs/
MMscf is a standard limit for CO2 to avoid moisture dropout at lower pressures.

Hydrogen Sulfide—10 ppm is the maximum concentration of hydrogen sulfide that
a person can work in for 8 continuous hours in the United States based on Occupa-
tional Safety and Health Administration (OSHA) standards. Thus, new pipeline
specifications for H2S may be a maximum of 10 ppm. The old OSHA standard was
20 ppm, so pipelines establishing an H2S specification during that time period may
have 20 ppm as the upper limit. Special materials must be used to mitigate the po-
tential for sulfide stress cracking if the H2S concentration is too high. In typical CO2
pipeline applications operating at or below 2,200 psia, the H2S concentration can be
up to 20 ppm without special metallurgical considerations.

Oxygen—Oxygen is limited due to corrosion concerns.
Nitrogen—Nitrogen in CO2 increases the minimum miscibility pressure of the oil/

CO2 mixture.
Hydrocarbons—Methane in CO2 increases the minimum miscibility pressure of

the oil/CO2 mixture.
Glycol—Pipeline operations are more difficult when glycol is slugging through the

pipe. Glycol plugs instrumentation lines, clogs pump seal faces and is harmful to
some analyzers.

Temperature—120 degrees F is chosen because higher temperatures degrade poly-
mers utilized in pipeline coatings.

CO2 custody transfer meters are typically orifice meters, which is a well known,
long standing technology. They are accurate to within 1 percent. Other meters are
also used to measure CO2, including turbine meters and wedge meters, although
their use is not as accepted for custody transfer but are often used for allocation
purposed downstream of the custody transfer meter.
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14 ‘‘CO2 Surface Facilities’’, Version PF81–P–03–02–06. John M. Campbell & Co., 2006.
15 http://www.ipcc.ch/activity/srccs/SRCCSlChapter5.pdf.

If the CO2 is not pure, an important part of accurate measurement is determining
the density and molecular weight of the CO2 mixture. The density is important be-
cause it is used in determining the flow rate. Density can either be measured with
an in-line densitometer or it can be calculated based on a compositional analysis
and the static pressure. Where the composition barely changes (underground source
fields), the industry moved away from using densitometers to using compositional
analysis, first utilizing in-line chromatographs and then by taking monthly samples.
Where the CO2 composition is variable (processing plant sources), densitometers are
used.

Material Selection
Selection of materials is critical when designing and constructing CO2 processing

and transportation facilities. Three key focuses are on internal pipeline corrosion,
elastomer materials, and the presence of hydrogen sulfide.

According to Practical Aspects of CO2 Flooding (SPE Monograph, 2002), ‘‘Corro-
sion has been a concern in CO2 flooding from its inception. It is well known that
when CO2 dissolves in water, a small fraction hydrolizes to form carbonic acid. (The
remainder exists as physically dissolved carbon dioxide). Carbonic acid dissociates
to form bicarbonate ions, and hydrogen ions. Carbonic acid is quite corrosive to most
carbon steels.’’ In addition, ‘‘the combination of hydrogen sulfide (H2S) and CO2 dis-
solved in water causes higher corrosion rates than either acid gas alone.’’ 14

Thus, when water is present, Kinder Morgan utilizes certain materials to mitigate
internal pipeline and piping corrosion. Most commonly used is stainless steel due
to its corrosion resistant properties; however, the high material cost makes it less
economical. An alternative to stainless steel is carbon steel lined with a high-density
polyethylene (HDPE). The HDPE liner creates an adequate barrier between the cor-
rosive fluid and the carbon steel. Internally coated carbon steel piping is also used,
although not as frequently due to certain logistical and economic challenges. All of
these alternatives have a history of success in CO2 operations; the driving factor in
determining which technology to use is cost, availability, and constructability.

Another key issue to consider is that CO2 will diffuse into elastomeric compounds
under pressure and temperature. Repeated pressurizing and depressurizing of CO2
into an elastomer can cause the phenomenon called explosive decompression which
will cause damage to the physical properties of the elastomer. This damage is
known as blistering or fracturing.

Three factors effecting explosive decompression are: the rate of decompression, the
permeability of the elastomer and the strength of the elastomer. It is difficult to con-
trol the rate of decompression but one may be able to control the number of decom-
pressions which occur. Commonly used elastomers are rated as follows: Nitrile,
Epichlorohydrine, Fluorocarbon (Viton), and EPDM. Most of these have some perme-
ability to CO2.

Kinder Morgan is not aware of any consensus among industry engineers and oper-
ations personnel concerning the ‘‘right’’ elastomer to use. There is general agree-
ment, however, that an effective way to reduce explosive decompression is to in-
crease the hardness (strength) of the elastomeric compound. Usually a durometer
rating of at least 90 is specified. Further research into elastomer technology would
benefit future CO2 operation and development.

As is the case in any pipeline or piping system containing hydrogen sulfide, one
must take into consideration the general principals, requirements, and recommenda-
tions for selection of cracking resistant materials as provided in the NACE Inter-
national Standard NACE MR0175/ISO 15156.

Storage
Some sedimentary basins are more suitable for CO2 storage than others. Ideal

CO2 storage formations generally have sufficient storage capacities, injection sites,
seals, and stable geological environments. This means that sedimentary basins in
the middle of tectonic plates, where there is less geological disturbance, are gen-
erally more secure. In addition, colder basins are preferred because they can store
dense CO2 at relatively shallow depths of 2,000 to 3,000 feet underground.15 Mature
storage formations like oil and gas fields are currently the most economic option for
CO2 storage. Oil and gas fields are well defined, their natural ability to store hydro-
carbons for thousands of years proves their integrity, and an infrastructure is in
place. Depleting oil and gas reservoirs and unmineable coal beds are the best near
term storage options because they are mature storage formations and have value
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16 http://www.pnl.gov/gtsp/docs/ccslreport.pdf.
17 http://www.fossil.energy.gov/programs//sequestration/geologic/index.html or http://www.
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18 http://www.pnl.gov/gtsp/docs/ccslreport.pdf.
19 http://www.pnl.gov/gtsp/docs/ccslreport.pdf.
20 http://www.netl.doe.gov/technologies/carbonlseq/index.html.
21 http://www.netl.doe.gov/publications/carbonlseq/presentations/awma-2003CriticalReview

.pdf.

added production of oil and methane (or other gases). Deep saline reservoirs are the
best long term storage options because they represent the largest storage potential.

Depleted Oil and Gas Fields
Depleted oil and gas fields are promising geologic storage options for many rea-

sons. First, oil and natural gases have been naturally stored in them for millions
of years which prove that there is a natural seal. Second, there are years of indus-
trial experience in the injection of CO2 and the disposal of acid gas which contains
CO2. Third, many abandoned oil and gas fields have been studied at length. These
containers have considerable storage capacity. In the U.S. alone, depleted oil and
gas fields have been estimated to have the capacity to theoretically store 47 Gt of
CO2. Worldwide, these containers could theoretically hold a total of 820 Gt of CO2.

Trapping mechanisms usually employed in oil and gas reservoirs are structural
and stratigraphic, residual, mineral, and solubility.16 CO2 is generally compressed
and injected into porous rock that is isolated by a layer of non-porous rock. After
injection, some of the CO2 will go into solution and some will react with the rock
to form stable carbonates.

There are a few problems that exist with storing CO2 in oil and gas fields. For
example, the process can be costly when the distance between the fields and cap-
turing source can be significant. Leakage is also a concern. Poorly plugged wells
could allow the CO2 to escape. Furthermore the injection pressure must be closely
monitored so the process does not fracture the cap-rock.

Unmineable Coal Beds and CO2 Enhance Coal Bed Methane Production
Deep unmineable coal beds provide another set of possible CO2 storage containers.

It is estimated that there are 6 trillion tons of coal sources in the U.S. and 90 per-
cent of them are considered to by unmineable.17 Located anywhere from 1,000 to
5,000 feet deep, these coal seams could theoretically store 140 Gt of CO2 globally
and 30 Gt of CO2 in just the U.S.18

The trapping mechanism employed in coal beds is primarily chemical adsorp-
tion.19 Coal is naturally fractured. Coal beds often have methane adsorbed onto (and
weakly bonded to) pore surfaces and drilling wells can extract this coal bed methane
(CBM). Additional methane can be recovered by injecting of CO2 gas to displace the
methane. Coal has a higher affinity for CO2 than it does for methane. When a
stream of CO2 is sent through the fracture system of a coal bed, it is selectively ad-
sorbed onto the surfaces of the coal, effectively releasing the previously adsorbed
methane. The selectively adsorbed CO2 is less likely to move. For every 2 or 3 mol-
ecules of CO2 adsorbed, one molecule of methane is released.20

After rapid surface adsorption, the CO2 begins to slowly diffuse into the coal as
it is absorbed in the internal structure of the coal. When coal adsorbs a certain
amount of CO2, some scientists think that the glass-to-rubber transition tempera-
ture of the coal is lowered. As a result, some of the coal will become plasticized, al-
lowing for increased diffusion of CO2 through the molecular network. As pressure
increases, more CO2 is thought to be adsorbed by the coal and thus the easier the
coal is plasticized and even more CO2 can be absorbed and sequestered.21

Some scientists also theorize that as pressure increases, swelling of the coal in-
creases. Coal swelling can be problematic in enhanced coal bed methane (ECBM)
recovery. When CO2 is adsorbed, it swells making the coal much less permeable.
This inhibits the flow of CO2 and thus limits the recovery of methane and the stor-
age of CO2.

Storage capacity of coal beds depends on many factors. For example, since adsorp-
tion increases at higher pressures, one would expect a greater storage capacity of
a deeper coal bed. Higher temperatures, however, decrease the storage capacity. The
water content of a coal bed can also affect the CO2 storage capacity of a coal bed.
When CO2 mixes with water, compounds can form which can plug up the coal micro-
structure and restrict CO2 flow throughout the coal bed system. Drier coal beds can,
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thus, store more CO2.22 Dewatering of a coal bed is often required prior to CBM
recovery.

Enhanced coal bed methane recovery can potentially increase the amount of meth-
ane produced up to 90 percent of the original amount.23 This increased production
of methane reduces the cost of CO2 storage in coal beds. The injected CO2 does not
need to be pure. In fact, flue gas can be directly injected into the coal formation.
Saline Formations

Deep saline formations are the largest and most widespread of the CO2 storage
options. These formations represent an enormous potential for CO2 storage. An ad-
vantage of the common aquifers is that the distance from the CO2 capturing source
can be small. In fact, one source estimates that 65 percent of CO2 from U.S. power
plants can be injected into saline formations without long pipeline transport.24

These formations of porous sedimentary rock are saturated with brine and can con-
tain high concentrations of dissolved salts.25

The CO2 must be injected below 2,500 feet so that it is in a dense phase, either
liquid or supercritical. Many of these storage sites are located 12,000 feet under-
ground far below the reservoirs containing drinkable water. While the actual
amount of CO2 that can be stored is yet to be determined, the fact that they are
the largest potential reservoirs is widely accepted and educated guesses have been
made. One estimate predicts that 500 billion tons of CO2 could potentially be stored
in these formations in the U.S.26 Another source estimates that there is a potential
global storage capacity of 350–11,000 Gt of CO2.27

The important trapping mechanisms for aquifers include structural/stratigraphic,
hydrodynamic, solubility, and mineral trapping. Initially, CO2 is contained mostly
by physical trapping mechanisms, but after enough time has passed for CO2 to react
with the surrounding rock and fluid, solubility and mineral trapping means prove
to be the primary trapping mechanisms.

Technical Barriers to Implementing Carbon Capture and Storage
This section will discuss several of the technical barriers to an economic CCS

process. It is divided into three subsections: capture, transportation and storage.

Capture
The primary technical barriers to implementing CCS are economic. We know how

to capture CO2, but the cost is prohibitive for society. Advances in several tech-
nologies could significantly reduce the cost of capture.

Post-Combustion Capture
Due to the elevated costs, post-combustion capture is unlikely to become the tech-

nology of choice. Nevertheless, the installed base of power plants and industrial
processes makes research into reducing costs in this area advisable. Specific re-
search topics could include creating chemical absorbents which are better able to
tolerate impurities and regenerate at lower energy cost. Research could also be con-
ducted on producing steel which corrodes less quickly in the presence of these chem-
ical absorbents.

Pre-Combustion Capture
Pre-combustion capture may be the most productive area of research. We know

that gasification and similar processes work; however, due to a cost premium in a
non-carbon constrained world, these processes are not widely pursued. Demonstra-
tion projects such as FutureGen would assist industry in designing more economical
power plants.

Oxy-Fuel Combustion
Oxy-fuel combustion seems further from commercialization than gasification (post

combustion capture). Nevertheless, research into lowering the cost of producing pure
oxygen and into developing materials that can withstand higher temperatures could
prove productive.
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Transportation
Better tools with which to inspect CO2 pipelines are needed. The most common

method to determine the condition of a pipeline is in-line inspection also known as
smart pigging. When pigs are sent through a CO2 pipeline, the CO2 entrains into
the sealing elements which keep the CO2 from contacting the electronics in the tool.
When pigs are pulled from the pipeline, the elastomers swell and often destroy the
pig. The pipeline industry has successfully tested smart pigs in smaller diameter
pipelines, but larger diameter pigs need to be built and the industry needs to deter-
mine if smart pigging CO2 pipelines has unique elements.

Transporting flue gas may be required. Since flue gas is highly corrosive, some
research into this technology may be warranted.

Storage
While CO2 has been injected into the ground for many years, the energy industry

focused on monitoring the CO2 over the span of years or decades not centuries. Sev-
eral technologies already should be enhanced to better track the movement of CO2
in the subsurface. Seismic and a related technology, cross well tomography, can be
better tuned to detect the presence of CO2 and therefore monitor the movement of
CO2. Reservoir simulation can be improved to better model the movement of CO2
and the interaction of the CO2 with the rock. Mineralization, the process by which
CO2 converts from a gas or liquid into rock needs more study.

General
Several technologies which can be improved are common across the CCS proc-

esses. These technologies include compression, seal elements/elastomer selection and
corrosion control. Compression is one of the largest costs in CCS. More efficient
methods of compression could significantly reduce costs. CO2, due to its low viscosity
and tendency to remove hydrocarbon based sealants like grease, has a propensity
to escape through valves. Improving sealing elements or elastomers would reduce
CO2 losses to the atmosphere. CO2 and water form carbonic acid a highly corrosive
substance. Where the CO2 cannot remain dehydrated, improved coatings and metals
would reduce costs and inadvertent losses to the environment.

Non-Technical Barriers to Implementing Carbon Capture and Storage
There are three categories of non-technical barriers to implementing carbon cap-

ture and storage: economic, legal and commercial. At this time, it is generally not
economic to engage in carbon capture activities. Some legal uncertainties must be
clarified before CCS can move forward, and commercial terms between various par-
ties must be negotiated. Government action at the Federal and state level is needed
to solve the first two barriers. Commercial issues can be worked between private
parties once the playing field has been defined.

Some of these barriers can be illustrated by examining how CCS and CO2 EOR
could combine. When we talk about widespread CCS, people envision capturing CO2
from power plants and storing it in the ground. Because there is an economic ben-
efit to using CO2 for EOR, and because the legal framework for EOR is already in
place, many people think that EOR will a first step in developing the business; how-
ever, even with EOR, CCS cannot proceed without significant government action.

When CO2 is used in EOR, it is an industrial commodity that must be supplied
in relative abundance at an economic price. The only successful sources of CO2 for
EOR have been natural underground CO2 fields, natural gas plants where nearly
pure CO2 is stripped from the gas stream to make natural gas saleable, and a coal
gasification plant. The reason is cost.

For the past 25 years the price that oil producers have been willing to pay for
CO2 is 3–4 percent of the oil price where the oil price is measured in $/barrel of
oil and the CO2 is priced in terms of dollars per thousand cubic feet (MCF). This
is based on personal knowledge of CO2 prices and oil prices over the period plus
a series of economic evaluations of oil field projects while I worked at Shell and
Kinder Morgan. That doesn’t mean that today, with prices trending toward $100 per
barrel, producers are willing to buy CO2 at $3–$4 per MCF ($57.75–$77.00 per met-
ric ton). At this time, most producers are unwilling to bet on $100 oil. With respect
to investments in CO2 floods, they seem to be betting on $50 oil over the long haul
which means that CO2 prices must be in the $30–$40 per metric ton range.

The Intergovernmental Panel on Climate Change (IPCC) published a Special Re-
port on CO2 Capture and Storage. In it they compared cost estimate for carbon cap-
ture for several technologies: retrofit of existing pulverized coal (PC) plants for cap-
ture ($31–$56 per metric ton), installation of capture facilities in of new PC plants
($23–$35 per metric ton), retrofit of natural gas combined cycle plants for capture
and installation of capture facilities in new NGCC plants ($33–$57 per metric ton)
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28 The IPCC cost estimates were made in 2003–2005. During that period, based on the oil
prices of that time, the CO2 price delivered at the field needed to be in the range of $12–$38
per metric ton. Since transportation costs are about $10 per metric ton per 100 miles, transpor-
tation costs are about $10 per metric ton per 100 miles, only IGCC can supply CO2 at economic
prices. Also note that since 2005, construction costs and energy costs which are the drivers of
capture costs, have increased significantly.

and installation of capture equipment in new integrated gasification and combined
cycle plants (IGCC) ($11–$32 per metric ton). Only the gasification plant could reli-
ably supply CO2 at price where the buyer could afford to transport the CO2 to an
oil field.28

Because EOR provides an economic offset to carbon capture and storage, it may
provide a first step for storage in some parts of the country. The legal framework
regulating the injection of CO2 into oil fields exists; however, some legal issues
present themselves when an EOR project progresses to a storage project. The right
to inject CO2 arises from the right to capture the minerals. Oil companies may inject
CO2 in order to recover the minerals. On the other hand, oil companies have not
purchased the right to access the pore space to store CO2. There is now some con-
sensus that the pore space is owned by the surface owner and not the mineral
owner. How does one define when EOR becomes storage? Can a surface owner block
an EOR project from progressing to a storage project?

Similar issues arise with respect to injection into saline aquifers. While there may
be no competing mineral interests, at least with oil fields, a land area had been set
aside for development. A large area may be needed to store the CO2. Will CO2 stor-
age operators need to use condemnation in order to gather an appropriate injection
area? What rights would condemnation give an operator to use the surface?

Also of note is the liability for the storage site. This is both a commercial and
legal challenge. The public does not want to pay for storage that is ineffective. Com-
panies do not want to incur an eternal liability. Insurance companies may not be
willing to insure facilities for leakage.

Commercial terms must be developed between the power companies, capture com-
panies, transportation companies, storage companies and monitoring companies. For
example, the power companies prefer not to pay for removal of hydrogen sulfide
from the CO2. Transportation companies prefer not to handle high concentrations
of hydrogen sulfide because it is deadly at low concentrations. With respect to the
structure of the industry, it is possible that power companies may vertically inte-
grate from capture to storage. There will always need to be a third party to verify
to the public and government that the storage site is operated properly.

Finally, the public will need to feel that its safety is not compromised and that
the environment will not be unduly affected. Finally the public needs to accept CCS
as safe and effective. The public trusts the government and academia more than in-
dustry. They must take the lead in selling this carbon control solution to the public.

Senator KERRY. Thank you very much, Mr. Fox, those were inter-
esting questions.

Dr. Benson?

STATEMENT OF PROFESSOR SALLY M. BENSON, EXECUTIVE
DIRECTOR, GLOBAL CLIMATE AND ENERGY PROJECT,
STANFORD UNIVERSITY

Dr. BENSON. Good afternoon, Mr. Chairman, and Members of the
Subcommittee, thank you for the opportunity to talk with you
today. I am Sally Benson, a Professor at Stanford University, and
Executive Director of the Global Climate and Energy Project.

The science behind carbon sequestration builds on concepts de-
veloped over a century in the oil and gas industry. Safe and secure
sequestration can be achieved by injecting carbon dioxide into po-
rous rocks, and trapping it underneath thick and continuous fine-
textured rock, or so-called seals.

Two mechanisms are responsible for trapping, and we know they
are effective, because these are the exact same mechanisms that
are responsible for the existence of oil and gas reservoirs. On this
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basis, it’s straightforward to conclude that sequestration in oil and
gas reservoirs is feasible.

So, what about other types of formations that have been pro-
posed for sequestration? Saline aquifers are extremely important
sequestration resources, because they have the largest capacity,
and are located closer to more emission sources. The sealing mech-
anisms for saline aquifers are the same as for oil and gas reservoir,
but here we need scientific proof that the seals are sufficiently
thick, have uniformly good sealing properties, and are not pene-
trated by active faults.

While in principle, sequestration is straightforward, in practice,
there is a great deal of science and engineering that underpins safe
and effective sequestration, for example, seismic imaging for as-
sessing and monitoring sequestration projects, and computer sim-
ulation models to predict sequestration performance.

In addition, while there are many reasons to conclude that se-
questration is feasible, the question of scale can not be ignored.
Today, there are three active sequestration projects. To make a sig-
nificant impact on emissions reductions, thousands of projects will
be needed, and each of these will be from five to ten times larger
than any of the existing projects. The potential for unforeseen con-
sequences of large-scale sequestration must be assessed, and meth-
ods to avoid them developed.

Worldwide, public and private research efforts continue to make
steady progress on these issues. For example, last summer the De-
partment of Energy funded an experiment to answer the question,
what’s the smallest leak that could be detected? Field testing re-
sults proved that a number of existing and innovative techniques
have the sensitivity needed for reliable monitoring.

As another example, over the past several years, the Department
of Energy has funded two pilot tests in Texas. These tests dem-
onstrated that the location of the plume could be tracked and mod-
eled. The regional sequestration partnerships will replicate these
tests in different geological environments, providing valuable first-
hand knowledge and experience for state and local regulators, who
will one day be called upon to oversee these projects.

As a final example, the Global Climate and Energy Project has
developed new theoretical models to predict how quickly secondary
trapping mechanisms could permanently immobilize carbon diox-
ide, thus further reducing the potential for leakage.

There is also an urgent need for demonstration projects at a
scale commensurate with the five to ten million tons per year of
carbon dioxide emitted from a large coal-fired power plant. Plans
are underway for a number of publicly and privately funded dem-
onstration projects, and it is important that these get started now.
Without definitive results from these, and even larger scale tests,
policymakers, investors and society will not have the confidence to
proceed with widespread deployment of CCS.

As interest in sequestration has grown, so too has the concern
about long-term stewardship and liability. Who will be responsible
for long-term monitoring? Who will pay to remediate a site if it
starts to leak 100 years from now? The prospects of long-term stew-
ardship and long-term financial responsibility make investors nerv-
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1 Since the density of carbon dioxide is less than water, unimpeded, when injected under-
ground, it would migrate back to the land surface. Therefore ‘‘seals’’ are needed to trap carbon
dioxide underground.

2 Two mechanisms are responsible for effective trapping by seals: extremely low perme-
ability—which limits the rate of flow through the seals; and extremely high capillary entry pres-
sure—which prevents any separate phase carbon dioxide from moving into the seal (IPCC Spe-
cial Report on Carbon Dioxide Capture and Storage, 2005, Cambridge University Press).

ous, and if not addressed, will create a barrier to widespread de-
ployment.

In part, answers to these questions are legal and institutional in
nature. However, scientific research has a role to play in bounding
the probability of unforeseen events, in providing a scientific frame-
work for addressing these issues.

In particular, naturally occurring secondary trapping mecha-
nisms, such as converting the carbon dioxide into solid minerals,
can provide additional storage security, and these processes become
more effective as time passes. Fundamental research is needed to
quantify the potential and framework for completely reducing the
risk of leakage, and for learning how to accelerate these processes,
if needed.

Long-term stewardship and financial responsibility are much less
daunting if the risk of unforeseen events can be shown to predict-
ably decrease with time.

Now, coming to your final question—are there gaps in the public
and private research activities? Certainly growth in Federal sup-
port for sequestration research has been impressive over the past
decade, increasing from nearly nothing 10 years ago, to over $100
million in 2007.

Industrial support is also growing. But while growth in interest
and support is encouraging, at the current pace of progress, con-
vincing answer about safety and effectiveness may not be available
for more than a decade. Accelerating the pace of progress requires
commitment to a parallel development pathway, simultaneously
building a strong, fundamental science program, providing suffi-
cient financial resources for the pilot projects, in order to learn as
much as possible from them, and expediting full-scale demonstra-
tion projects.

In closing, carbon sequestration is a promising and necessary
technology. Thank you very much for the opportunity to discuss
this important topic with you.

[The prepared statement of Dr. Benson follows:]

PREPARED STATEMENT OF PROFESSOR SALLY M. BENSON, EXECUTIVE DIRECTOR,
GLOBAL CLIMATE AND ENERGY PROJECT, STANFORD UNIVERSITY

Good afternoon. Senator Kerry and Members of the Subcommittee, thank you for
the opportunity to talk with you today. I am Sally Benson, a Professor at Stanford
University and Executive Director of Stanford’s Global Climate and Energy Project.

The Science Behind Safe and Effective Sequestration
The science behind safe and effective carbon dioxide sequestration builds on con-

cepts developed from over a century of experience in the oil and gas and ground-
water supply industries. Safe and secure sequestration can be achieved by injecting
carbon dioxide into porous rocks and trapping it underneath thick and continuous
fine-textured rocks or so-called ‘‘seals.’’ 1 Two mechanisms are responsible for trap-
ping 2 and we know they are effective because these are the exact same mechanisms
that are responsible for the existence of oil and gas reservoirs.
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3 The three existing sequestration projects are the Sleipner Project off-shore of Norway, the
Weyburn Project in Saskatchewan, and the In Salah Project in Algeria. The Sleipner Project
began in 1996 and sequesters 1 Mt/year of CO2 in a saline aquifer. The Weyburn Project, which
began in 2000, is a combined CO2 EOR and sequestration project that injects about 2 Mt/yr into
an oil reservoir. The In Salah Project began in 2004 and sequesters about 1 Mt/yr in a depleting
gas reservoir. A fourth project, the Snohvit Project, is expected to begin injecting 0.7 Mt/yr into
a saline aquifer under the Barents Sea in 2007.

4 The Detection Verification Facility is collaboration between several universities and national
laboratories lead by Montana State University. The experiment showed that leakage of 100 kg/
day over a 100 m long feature could be detected and quantified using flux accumulation cham-
bers. A second experiment demonstrated that 300 kg/day could be detected and quantified by
several methods.

5 The Frio Pilot Tests, lead by the University of Texas at Austin, are a collaboration between
university and national laboratory scientists. The first test in 2003 injected about 1,600 tons
of carbon dioxide. The second test in 2006 injected about 500 tons. Extremely valuable scientific
results were gained from the small-scale pilot tests, including new methods for tracking migra-
tion of carbon dioxide movement in the surface, fundamental insights about multi-phase flow
of carbon dioxide and brine, and geochemical interactions between carbon dioxide and the res-
ervoir rocks.

6 The Global Climate and Energy Project at Stanford University funded by ExxonMobil, GE,
Toyota and Schlumberger, performs fundamental breakthrough research to develop a wide range
of low-carbon and carbon-free energy supply technologies—including carbon sequestration.
http://gcep.stanford.edu/.

7 Secondary trapping mechanisms include dissolutions of CO2 in brine, capillary trapping and
mineralization (IPCC Special Report on Carbon Dioxide Chapter and Storage, Cambridge Uni-
versity Press, 2005).

On this basis, it is straight forward to conclude that sequestration in oil and gas
reservoirs is feasible. So what about the other types of formations that have been
proposed for sequestration?

Saline aquifers are extremely important sequestration resources because they
have the largest capacity and are located closer to more emission sources. The seal-
ing mechanisms for saline aquifers are the same as for oil and gas reservoirs—but
here we need scientific proof that the seals are sufficiently thick, have uniformly
good sealing properties, and are not penetrated by active faults.

While, in principle, sequestration is straight forward—in practice there is a great
deal of science and engineering that underpin safe and effective sequestration, for
example: geophysical imaging to locate and assess sequestration reservoirs and
seals; computer simulation models to predict sequestration performance; and geo-
physical monitoring technology to assure that the carbon dioxide remains seques-
tered.

In addition, while there many reasons to conclude that sequestration is feasible—
the question of scale cannot be ignored. Today there are three active sequestration
projects.3 To make a significant impact on emission reductions, thousands of
projects will be needed—and each of the projects will be from 5 to 10 times larger
than any of the existing projects. The potential for unforeseen consequences of large
scale sequestration must be assessed and methods to avoid them developed.

Progress on Research and Development
World-wide, public and private research efforts continue to make steady progress

on basic and applied research that address these issues. For example:

• Last summer, the Department of Energy funded an experiment to answer the
question—what is the smallest leak that could be detected? 4 Field testing re-
sults proved that a number of existing and innovative techniques could detect
and quantify extremely low leakage rates—and have the sensitivity needed for
reliable monitoring.

• As another example, over the past several years, the U.S. DOE has funded two
pilot tests in Texas—the so-called Frio I and Frio II tests.5 These tests dem-
onstrated that high-resolution seismic methods successfully tracked migration
of the plume and that, after calibration, computer simulation models could pre-
dict where and how fast the carbon dioxide moved. The U.S. DOE Regional
Partnerships will replicate these types of tests in a number of different geologi-
cal environments, providing valuable first-hand knowledge and experience for
state and local regulators who will one day be called upon to oversee these
projects.

• As a final example, the Global Climate and Energy Project at Stanford Univer-
sity 6 has developed new theoretical concepts to predict how quickly secondary
trapping mechanisms 7 could permanently immobilize carbon dioxide—thus fur-

VerDate Nov 24 2008 13:48 Jul 31, 2012 Jkt 052754 PO 00000 Frm 00029 Fmt 6633 Sfmt 6621 S:\GPO\DOCS\75343.TXT SCOM1 PsN: JACKIE



26

8 Federally funded project include FutureGen and 3 recently announced sequestration projects
carried out by the Plains Carbon Dioxide Reduction Partnership; Southeast Regional Carbon Se-
questration Partnership; and Southwest Regional Partnership for Carbon Sequestration. All will
conduct large volume tests for the storage of one million tons of carbon dioxide (CO2) in deep
saline reservoirs.

9 Announcements for privately funded mid-to-large scale projects in the U.S. have been made
by a number of companies. Examples include the BP Carson project and AEP’s projects in West
Virginia and Oklahoma. All of these are in the planning stage.

10 DOE’s Office of Science conducted a workshop in research opportunities in the geosciences
related to sequestration (Basic Research Needs for Geosciences: Facilitating 21st Century En-
ergy Systems, http://www.sc.doe.gov/bes/reports/files/GEOlrpt.pdf). Five priorities for im-
proving our understanding of multiphase flow were identified:

• New approaches are needed to accurately predict migration of multiple fluid phases in envi-
ronments that are highly heterogeneous, from the pore scale to the basin scale—over large spa-
tial scales and long time-frames.

• Methods to quantify and predict rates of geochemical reactions between multi-phase, multi-
component fluids and minerals are needed to understand how quickly dissolution and min-
eralization will occur.

• Fundamental scientific understanding of basin-scale geomechanical processes is needed to
predict shallow crustal deformation and basin scale brine displacement caused by large and
rapid anthropogenic perturbations such as injection or extraction of multiphase fluids in the
subsurface.

• A new multi-disciplinary approach is needed to assess the multi-phase flow properties of
membrane seals, faults and fractures—in order to determine whether or not a geological res-
ervoir has an adequate seal.

• Dynamic field-scale imaging is needed to test and validate multi-phase flow models.

ther reducing the potential for leakage, even if, for example, degrading cement
in an old abandoned well breached the reservoir seal.

There is a also an urgent need for demonstration projects—at a scale commensu-
rate with sequestering the 5 to 10 million tons of carbon dioxide emitted annually
from a typical coal-fired power plant. Plans have been announced or are now under-
way in the U.S. for at number of publicly 8 and privately 9 funded mid-to-large scale
demonstration projects—and it is important they get started now. Without definitive
results from these and even larger scale tests, policymakers, investors and society
will not have the confidence needed to proceed with widespread deployment of CCS.
Barriers to Implementing Geological Storage

As interest in sequestration has grown, so too has the concern about long term
stewardship and liability grown. Who will be responsible for long term monitoring?
Who will pay to remediate a site if it starts to leak 100 years from now? The pros-
pects for long term stewardship and long term financial responsibility make inves-
tors nervous—and if not addressed they will create a barrier to widespread deploy-
ment. In part, answers to these questions are legal and institutional in nature.
However, scientific research has a large role to play in bounding the potential for
unforeseen events and providing a scientific framework for addressing these issues.

In particular, naturally occurring secondary trapping mechanisms such as dis-
solving carbon dioxide into water, forming minerals, and capillary trapping can pro-
vide additional storage security—and these processes become more effective as time
passes. Fundamental research is needed quantify the potential and time-frame for
completely reducing the risk of leakage and for learning how accelerate these proc-
esses if needed. Long term stewardship and financial responsibility are much less
daunting if the risk of unforeseen events can be shown to predictably decrease with
time.
Gaps in Public and Private Research Activities

Now, coming to your final question—are there gaps in public and private research
activities? Certainly, growth in Federal support for sequestration research has been
impressive over the past decade—increasing from nearly nothing 10 years ago to
over $100 M in 2007. Industrial support is also growing. But, while growing interest
and support is encouraging, at the current pace of progress, convincing answers
about safety and effectiveness may not be available for more than a decade. Accel-
erating the pace of progress requires commitment to a parallel development path-
way, simultaneously

• building a strong fundamental scientific program; 10

• providing sufficient financial resources for the pilot projects in order to learn
as much as possible from them; and

• expediting full-scale demonstration projects.
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Effective communication and coordination of these three parallel development
pathways will also maximize progress and ensure efficient use of resources.

In closing, carbon sequestration is a promising and necessary technology. Thank
you very much for the opportunity to discuss this important topic with you.

Senator KERRY. Thank you very much, Dr. Benson.
Dr. Burruss?

STATEMENT OF DR. ROBERT C. BURRUSS, RESEARCH
GEOLOGIST, ENERGY RESOURCES TEAM, U.S. GEOLOGICAL

SURVEY, U.S. DEPARTMENT OF THE INTERIOR

Dr. BURRUSS. Mr. Chairman and Members of the Subcommittee,
I’m Robert Burruss, a research geologist with the U.S. Geological
Survey. Thank you for the opportunity to present testimony on geo-
logical sequestration of carbon dioxide. I will also briefly discuss
terrestrial carbon sequestration.

Of particular importance is the evaluation of the potential geo-
logic storage capacity for CO2 and understanding the impact of the
natural carbon cycle on the role of terrestrial sequestration to limit
accumulation of CO2 in the atmosphere.

Fossil fuel usage, a major source of carbon dioxide emissions into
the atmosphere will continue in both industrialized and developing
nations. The fraction of carbon emissions from all sources that
must be eliminated to impact climate is large. For example, sce-
narios that stabilize CO2 concentrations at about 550 parts per mil-
lion, suggest that emissions may need to be reduced by as much
as 70 percent. Reductions of this magnitude will involve many
types of carbon management, including geologic and terrestrial se-
questration, but also shifts from fossil fuels to biofuels, increased
electricity generation from solar, wind and nuclear power, and in-
creased efficiency of generation, transmission and end-use.

In geologic sequestration, carbon dioxide is separated from flue
gas and injected into subsurface rock formations at depths of one
to three kilometers. At these depths, CO2 has the properties of a
low-density liquid, it displaces the fluid that initially occupied the
porous space, and rises buoyantly until it is retained beneath a
non-permeable rock formation, otherwise known as a seal.

A critical issue for evaluation of storage capacity is the integrity
and effectiveness of these seals, especially in saline reservoirs. The
IPCC Special Report on Carbon Dioxide Capture and Storage, con-
cluded that the global storage capacity of geologic formations may
be able to accommodate a large fraction of the captured carbon di-
oxide necessary to stabilize atmospheric concentrations between
250 and 750 ppm.

However, geologic storage capacity varies on a regional and na-
tional scale, and better understanding of storage capacity is needed
to address this knowledge gap. USGS experience with national and
international assessments of natural resources provides the basis
to develop a peer-reviewed set of methods to assess the distribution
of the Nation’s capacity for geologic storage of CO2.

In addition, USGS knowledge of regional groundwater aquifer
systems and groundwater chemistry will allow development of
methods to assess the storage capacity of saline reservoirs. Saline
reservoirs have the potential for very large storage capacities, but
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the extent to which these capacities can be utilized remains un-
known.

There are research questions that are important for addressing
the performance and risks associated with wide scale deployment
of geologic sequestration. These include understanding the capabili-
ties of seals to recoup carbon dioxide, the potential role of aban-
doned wells to act as migration pathways for CO2 and formation
water, and the potential for injected CO2 to mobilize naturally oc-
curring trace metals and organic materials.

Carbon can also be stored in the biosphere. Terrestrial sequestra-
tion attempts to enhance transfer and retention of CO2 from the at-
mosphere into vegetation and soils.

While terrestrial storage of carbon can be enhanced by appro-
priate land use and soil management practices, the potential reduc-
tions in atmospheric CO2 are closely tied to the natural processes
of the global carbon cycle. Although we know that naturally stored
carbon is vulnerable to release to the atmosphere in a changing cli-
mate, the processes that preserve carbon in soils are poorly under-
stood and represent a critical knowledge gap in evaluating the po-
tential of terrestrial carbon sequestration to limit accumulation of
CO2 in the atmosphere.

In conclusion, it is clear that the challenge of reducing atmos-
pheric carbon dioxide levels through both geological and terrestrial
sequestration is a complex issue, evaluation of geologic storage ca-
pacity for carbon dioxide is needed to determine the full impact of
this technology on climate change.

This information, combined with research on the feedbacks be-
tween terrestrial carbon sequestration, the carbon cycle, and cli-
mate change, will provide a scientific foundation for decisions re-
garding all types of carbon management.

Thank you for the opportunity to present this testimony, and I
will be pleased to answer any questions you and the Members of
the Committee have.

[The prepared statement of Dr. Burruss follows:]

PREPARED STATEMENT OF DR. ROBERT C. BURRUSS, RESEARCH GEOLOGIST, ENERGY
RESOURCES TEAM, U.S. GEOLOGICAL SURVEY, U.S. DEPARTMENT OF THE INTERIOR

Mr. Chairman and Members of the Subcommittee, thank you for the opportunity
to present testimony on terrestrial sequestration and geologic capture and storage
of carbon dioxide and their role in reducing atmospheric carbon. In addition to these
topics, I also plan to discuss in my statement today the role of science in evaluating
the potential geologic storage capacity for industrial carbon dioxide and in fur-
thering our understanding of the carbon cycle.

Introduction
Let me begin by saying that the challenges of addressing carbon dioxide accumu-

lation in the atmosphere are significant. Fossil fuel usage, a major source of carbon
dioxide emissions to the atmosphere, will continue in both industrialized and devel-
oping nations. Therefore, a variety of strategies are being investigated to reduce
emissions and remove carbon dioxide from the atmosphere. Such strategies include
the facilitated sequestration of carbon from the air to terrestrial biomass, including
soils and the capture and storage of carbon dioxide in geologic formations.

The current atmospheric carbon dioxide concentration is approximately 380 parts
per million volume and rising at a rate of approximately 2 parts per million volume
annually, according to the most recent information from the Intergovernmental
Panel on Climate Change (IPCC). The fraction of carbon emissions from all sources
that must be eliminated or sequestered to impact the magnitude of climate change
is large. For example, to stabilize carbon dioxide concentrations at about 550 parts
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per million volume, the extent to which carbon dioxide emissions would need to be
reduced may be as much as 70 percent. Reductions of this magnitude could involve
implementation of several mechanisms, including geologic storage and biological se-
questration, fuel shifts from fossil sources to renewable biological sources, increased
electricity generation from solar and wind systems and nuclear power, and in-
creased efficiency of power generation, transmission, and end use. Each of these
mechanisms has distinct geological, hydrological, ecological, economic and social im-
plications that should be assessed on a wide range of scales, from molecular to basin
scales, to allow informed policy discussions and decisions on implementation and de-
ployment of technologies.

Geologic Storage of Carbon
The 2005 IPCC Special Report on Carbon Dioxide Capture and Storage concluded

that, in emissions reductions scenarios striving to stabilize global atmospheric car-
bon dioxide concentrations at targets ranging from 450 to 750 parts per million vol-
ume, the global storage capacity of geologic formations may be able to accommodate
most of the captured carbon dioxide. However, geologic storage capacity may vary
on a regional and national scale, and a more refined understanding of geologic stor-
age capacity is needed to address this knowledge gap.

Geological storage of carbon dioxide in porous and permeable rocks involves injec-
tion of carbon dioxide into a subsurface rock unit and displacement of the fluid or
formation water that initially occupied the pore space. This principle operates in all
types of potential geological storage formations such as oil and gas fields, deep sa-
line water-bearing formations, or coal beds. Because the density of injected carbon
dioxide is less than the density of formation water, carbon dioxide will be buoyant
in pore space filled with water and rise vertically until it is retained beneath a non-
permeable barrier (seal). A critical issue for evaluation of storage capacity is the in-
tegrity and effectiveness of these seals.

Terrestrial Carbon Sequestration
Terrestrial carbon sequestration practices seek to effect the transfer of carbon be-

tween the atmosphere and terrestrial biosphere (the earth and the living organisms
that inhabit it) to reduce atmospheric carbon dioxide concentrations. Land manage-
ment practices in the United States can affect the transfer of carbon from terrestrial
systems into the atmosphere. Land conversion, especially deforestation, continues to
be a significant source of global carbon dioxide emissions. Good land stewardship
practices can reverse this and enhance biological uptake of carbon dioxide from the
atmosphere, an approach termed terrestrial sequestration. Many of these practices,
including tree planting and conservation tillage, are widely adopted and well under-
stood. The Department of Agriculture is promoting the adoption of these practices
through conservation programs implemented under the Farm Bill. The knowledge
gained on the benefits of terrestrial sequestration will improve our understanding
of the duration and extent to which the biological uptake of atmospheric carbon di-
oxide can be enhanced to reduce atmospheric concentration of carbon dioxide.

Role of the U.S. Geological Survey
While the USGS currently has no experience assessing the national geologic stor-

age capacity, USGS-generated data and information were included in the Carbon
Sequestration Atlas of the United States and Canada developed by the Department
of Energy. In addition, our experience with national and international assessments
of natural resources could allow USGS to develop geologically based methodologies
to assess the national capacity for geologic storage of carbon dioxide. We envision
the national geologic carbon dioxide storage assessment methodology would be
largely analogous to the peer-reviewed methodologies used in USGS oil, gas, and
coal resource assessments. In addition, the USGS’ knowledge of regional ground-
water aquifer systems and groundwater chemistry would allow USGS to develop
methods to assess potential carbon storage in saline aquifers. Previous studies have
postulated the existence of very large carbon dioxide storage capacities in saline
aquifers, but the extent to which these capacities can be utilized remains unknown.

The USGS could create a scientifically based, multi-disciplinary methodology for
geologic carbon dioxide storage assessment that can be consistently applied on a na-
tional scale. Some potential areas for further study include understanding the capa-
bilities of seals to retain carbon dioxide and the role of abandoned wells that may
act as migration pathways for carbon dioxide and formation water; defining the po-
tential for mobilization of trace metals and organic materials by carbon dioxide reac-
tions with minerals or dissolution of organic compounds; and understanding the role
of bacteria and other microorganisms in water-rock-carbon dioxide interactions rel-
evant to storage.
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There are also a number of potential issues for further study pertaining to terres-
trial sequestration, including the natural processes that affect carbon cycling. It is
now widely recognized that the global carbon cycle and climate varied together, be-
fore human influence, as interactive components in a highly complex system of glob-
al feedbacks. These feedbacks have profound implications for the response of climate
to anthropogenic carbon dioxide emissions, and for the potential response of the car-
bon cycle to changes in climate.

Along with our partners in the Department of Agriculture, the Department of En-
ergy, and other agencies, ongoing USGS research addresses these issues. In par-
ticular, USGS research on soil carbon dynamics focuses on soil development and the
buildup and stabilization of soil organic matter, a large carbon reservoir in the ter-
restrial biosphere, which play key roles in water distribution, and in turn control
both sediment transport and carbon production and respiration. This research is
critically important in explaining the processes affecting the flow of carbon dioxide
from soils. The response of soils to human land use is a significant component in
the global carbon dioxide budget, and their response to climate change may cause
significant feedback on a global scale. Land use—particularly agriculture—signifi-
cantly alters patterns of terrestrial carbon storage and transport, nutrient cycles,
and erosion and sedimentation. Current models of the terrestrial carbon cycle do not
adequately account for the interactions among changes in erosion, sedimentation,
and soil dynamics. Additional research on variable scales (local to global) of carbon
flow would provide a more thorough understanding of the carbon cycle.

Conclusion
It is clear that addressing the challenge of reducing atmospheric carbon dioxide

and understanding the effect of global climate change is a complex issue with many
interrelated components. A better understanding of geologic storage potential for
carbon dioxide combined with research to understand the implications of terrestrial
carbon sequestration on the carbon cycle would provide a scientific foundation for
future decisions regarding carbon management. We believe additional study of geo-
logic and terrestrial opportunities will better prepare decisionmakers as they deal
with these issues. Thank you for the opportunity to present this testimony. I am
pleased to answer questions you and other Members of the Committee might have.

Senator KERRY. Thank you, Dr. Burruss.
Dr. Hannegan?

STATEMENT OF DR. BRYAN HANNEGAN,
VICE PRESIDENT, ENVIRONMENT,

ELECTRIC POWER RESEARCH INSTITUTE (EPRI)

Dr. HANNEGAN. Thank you, Mr. Chairman, and Members of the
Subcommittee, my name is Bryan Hannegan, and I am Environ-
ment Vice President for the Electric Power Research Institute, a
non-profit, collaborative, R&D organization based in California,
Tennessee and North Carolina. EPRI appreciates the opportunity
to provide testimony to the Committee this afternoon on the topic
of carbon sequestration technologies, and there is considerable de-
tail in our written testimony, submitted for the record.

I would like to summarize that testimony in a few key points.
The first is that advanced coal power plant technologies with inte-
grated CO2 capture and storage will be crucial to reducing future
U.S. electric power sector CO2 emissions.

As slide one, attached to my testimony and shown on the screen
here demonstrates, a recent EPRI study looking at the technical
potential for CO2 reductions from the U.S. electric sector identified
that with aggressive development and deployment of low-carbon
electricity technologies, and end-use efficiency, it is technically fea-
sible to return those emissions back to their 1990 levels, sometime
around 2025, and dramatically reduce those future emissions sig-
nificantly in the decades thereafter. A key technology as shown by
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the red and the orange contributions on that chart is advanced coal
technologies with CO2 capture and storage.

The second point I’d like to make is that the availability of ad-
vanced coal power in integrated CO2 capture and storage and other
technologies will dramatically reduce the projected increases in the
cost of wholesale electricity under any given carbon constraint
going forward.

If I could get slide two, the impact under two scenarios we looked
at with a macroeconomic model, on the left-hand side showing a
world in which we had not advanced the ball with respect to R&D
in these low-carbon energy technologies, and the right-hand one in
which we had aggressively pushed energy technology R&D forward,
you can see the differences between the generation mix, the limited
case being defined primarily by switching to natural gas, which has
its own set of challenges, as this Committee well knows, as well as
significant amounts of demand reduction, which are fostered by a
high price of wholesale electricity.

On the right-hand side, if you invest in energy technologies, you
drive an expansion in electric energy with CO2 capture and storage
on coal plants, and with an advancement in nuclear power. The re-
sult is a difference in the price increase for delivered wholesale
power between two and a half times today’s value in real costs, in
the limited case, and only the incremental cost of R&D in the ad-
vanced case. So, significantly, with the same amount of CO2 abate-
ment, the cost to the U.S. economy and to the U.S. consumer are
significantly less.

The key point to proving CCS capability is going to be—as others
on the panel have mentioned, the large-scale deployment of both
pre- and post-combustion capture with storage, in a variety of tech-
nologies. And we envision large combined demonstrations should be
encouraged in different regions, with different coals and tech-
nologies.

As shown on slide three, EPRI’s CoalFleet for Tomorrow pro-
gram has identified the R&D pathways to demonstrate after 2020
a full portfolio of economically attractive and commercial-scale ad-
vanced coal power opportunities, suitable for use with a broad
range of U.S. coal types and geologies around the Nation. The iden-
tified R&D is estimated to cost somewhere between $8 and $17 bil-
lion cumulatively between now and 2020.

While there are well-proven methods for capturing CO2, resulting
from coal gasification, no IGCC yet captures CO2. IGCC technology
is still relatively new, and needs more commercial installation.

Senator KERRY. What’s the figure you gave there?
Dr. HANNEGAN. It’s an EPRI-derived figure for the incremental

cost of additional investment to realize the promise of this develop-
ment timeline by 2020.

Senator KERRY. And what was it?
Dr. HANNEGAN. Between $8 and $17 billion between now and

2020.
Senator KERRY. Big, big, big.
Dr. HANNEGAN. In contrast to IGCC, pulverized coal technologies

already mature, but it’s the capture technologies which are not.
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So, it’s important to avoid choosing between coal technology op-
tions, and any effort we make, both public and private, should fos-
ter a full portfolio.

The final point I want to make is that in addition to the chal-
lenge of capturing the CO2, we also faced the challenges my col-
leagues have mentioned of the storage issues. And there are major,
non-technical barriers associated with storage, that must be ad-
dressed concurrently, before CCS can become a commercial oppor-
tunity.

That includes the permitting challenge, that includes public ac-
ceptance in the demonstration of no significant environmental im-
pact, that includes the legal framework around the liability and
who controls the pore space, and who takes liability in the event
of a leakage, and it also means looking—as my colleagues have
mentioned—at possible new uses of CO2. We’ve been able to turn
sulfur into wallboard, it’s quite possible we could turn CO2 into a
useable by-product.

My testimony entails many more details behind my comments,
and I look forward to your questions.

[The prepared statement of Dr. Hannegan follows:]

PREPARED STATEMENT OF DR. BRYAN HANNEGAN, VICE PRESIDENT,
ENVIRONMENT, ELECTRIC POWER RESEARCH INSTITUTE (EPRI)

Introduction
Thank you, Mr. Chairman, Ranking Member Ensign, and Members of the Sub-

committee. I am Bryan Hannegan, Vice President of Environment for the Electric
Power Research Institute (EPRI), a non-profit, collaborative R&D organization.
EPRI has principal locations in Palo Alto, California; Charlotte, North Carolina; and
Knoxville, Tennessee. EPRI appreciates the opportunity to provide testimony to the
Committee on the topic of carbon sequestration technologies.

Through the development and deployment of advanced coal plants with integrated
CO2 capture and storage (CCS) technologies, coal power can become part of the solu-
tion to satisfying both our energy needs and our global climate change concerns.
However, a sustained RD&D program at heightened levels of investment and the
resolution of legal and regulatory unknowns for long-term geologic CO2 storage will
be required to achieve the promise of advanced coal with CCS technologies. The
members of EPRI’s CoalFleet for Tomorrow program—a research collaborative
comprising more than 60 organizations representing U.S. utilities, international
power generators, equipment suppliers, government research organizations, coal and
oil companies, and a railroad—see crucial roles for both industry and governments
worldwide in aggressively pursuing collaborative RD&D over the next 20+ years to
create a full portfolio of commercially self-sustaining, competitive advanced coal
power generation and CCS technologies.

The key points I will make today include:

• Advanced coal power plant technologies with integrated CO2 capture and stor-
age (CCS) will be crucial to lowering U.S. electric power sector CO2 emissions.
They will also be crucial to substantially lowering world CO2 emissions.

• The availability of advanced coal power and integrated CCS and other tech-
nologies could dramatically reduce the projected increases in the cost of whole-
sale electricity under a carbon cap, thereby saving the U.S. economy as much
as $1 trillion by 2050.

• It is important to avoid choosing between coal technology options. We should
foster a full portfolio of technology options.

• While there are well proven methods for capturing CO2 resulting from coal gas-
ification, no integrated gasification combined cycle (IGCC) yet captures CO2.
IGCC technology is still relatively new and needs more commercial installa-
tions. In contrast, pulverized coal (PC) technology is already well proven com-
mercially in the power industry; the need is for demonstration of post-combus-
tion capture at a commercial and affordable scale.
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• There will inevitably be additional costs associated with CCS. EPRI’s latest esti-
mates suggest that the levelized cost of electricity (COE) from new coal plants
(IGCC or supercritical PC) designed for capture, compression, transportation
and storage of the CO2 will be 40–80 percent higher than the COE of a conven-
tional supercritical PC (SCPC) plant.

• EPRI’s technical assessment work indicates that the preferred technology and
the additional cost of electricity for CCS will depend on the coal type, location
and the technology employed. Without CCS, supercritical pulverized coal
(SCPC) has an advantage over IGCC. However, the additional CCS cost is gen-
erally lower with IGCC than for SCPC.

• Some studies show an advantage for IGCC with CCS with bituminous coal.
With lignite coal SCPC with CCS is generally preferred. With sub-bituminous
coals, SCPC with CCS and IGCC with CCS appear to show similar costs.

• Our initial work with post-combustion CO2 capture technologies suggests we
can potentially reduce the current estimated 30 percent energy penalty associ-
ated with CCS to about to 15 percent over the longer-term. Improvements in
IGCC plants offer the same potential for reducing cost and energy penalty as
well.

• The key to proving CCS capability is the demonstration of CCS at large-scale
(on the order of 1 million tons CO2/year) for both pre- and post-combustion cap-
ture with storage in a variety of geologies. Large combined capture and storage
demonstrations should be encouraged in different regions and with different
coals and technologies.

• EPRI’s CoalFleet for Tomorrow program has identified the RD&D pathways to
demonstrate, by 2025, a full portfolio of economically attractive, commercial-
scale advanced coal power and integrated CCS technologies suitable for use
with the broad range of U.S. coal types. Some technologies will be ready for
some fuels sooner, but the economic benefits of competition will not be realized
until the full portfolio is developed.

• The identified RD&D is estimated to cost $8 billion between now and 2017 and
$17 billion cumulatively by 2025, and we need to begin immediately to ensure
that these climate change solution technologies will be fully tested at scale by
2025.

• Major non-technical barriers associated with CO2 storage must be addressed be-
fore CCS can become a commercial reality, including resolution of regulatory
and long-term liability uncertainties.

Background
Coal currently provides over half of the electricity used in the United States, and

most forecasts of future energy use in the United States show that coal will continue
to have a dominant share in our electric power generation for the foreseeable future.
Coal is a stably priced, affordable, domestic fuel that can be used in an environ-
mentally responsible manner. Through development of advanced pollution control
technologies and sensible regulatory programs, emissions of criteria air pollutants
from new coal-fired power plants have been reduced by more than 90 percent over
the past three decades. And by displacing otherwise needed imports of natural gas
or fuel oil, coal helps address America’s energy security and reduces our trade def-
icit with respect to energy.

By 2030, according to the Energy Information Administration, the consumption of
electricity in the United States is expected to increase by approximately 40 percent
over current levels. At the same time, to responsibly address the risks posed by po-
tential climate change, we must substantially reduce the greenhouse gas emissions
intensity of our economy in a way which allows for continued economic growth and
the benefits that energy provides. This is not a trivial matter—it implies a substan-
tial change in the way we produce and consume electricity. Technologies to reduce
CO2 emissions from coal will necessarily be one part of an economy-wide solution
that includes greater end-use efficiency, increasing renewable energy, more efficient
use of natural gas, expanded nuclear power, and similar transformations in the
transportation, commercial, industrial and residential sectors of our economy. In
fact, our work at EPRI on climate policy has consistently shown that non-emitting
technologies for electricity generation will likely be less expensive than technologies
for limiting emissions of direct fossil fuel end-uses in other sectors. Paradoxically,
as we seek greater limits on CO2 across our economy, our work at EPRI suggests
we will see greater amounts of electrification—but only if the technologies to do so
with near-zero emissions are at hand.
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The Role of Advanced Coal Generation with CO2 Capture and Storage in
a Carbon-Constrained Future

EPRI’s ‘‘Electricity Technology in a Carbon-Constrained Future’’ study suggests
that it is technically feasible to reduce U.S. electric sector CO2 emissions by 25–30
percent relative to current emissions by 2030 while meeting the increased demand
for electricity. The study showed that the largest single contributor to emissions re-
duction would come from the integration of CCS technologies with advanced coal-
based power plants coming on-line after 2020.

Economic analyses of scenarios to achieve the study’s emission reduction goals
show that in 2050, a U.S. electricity generation mix based on a full portfolio of tech-
nologies, including advanced coal technologies with integrated CCS and advanced
light water nuclear reactors, results in wholesale electricity prices at less than half
of the wholesale electricity price for a generation mix without advanced coal/CCS
and nuclear power. In the case with advanced coal/CCS and nuclear power, the cost
to the U.S. economy of a CO2 emissions reduction policy is $1 trillion less than in
the case without advanced coal/CCS and nuclear power, with a much stronger man-
ufacturing sector. Both of these analyses are documented in the 2007 EPRI Summer
Seminar Discussion paper, ‘‘The Power to Reduce CO2 Emissions—the Full Port-
folio,’’ available at http://epri-reports.org/DiscussionPaper2007.pdf.
Accelerating RD&D on Advanced Coal Technologies with CO2 Capture and

Storage—Investment and Time Requirements
The portfolio aspect of advanced coal with integrated CCS technologies must be

emphasized because no single advanced coal technology (or any generating tech-
nology) has clear-cut economic advantages across the range of U.S. applications. The
best strategy for meeting future electricity needs while addressing climate change
concerns and minimizing economic disruption lies in developing a full portfolio of
technologies from which power producers (and their regulators) can choose the op-
tion best suited to local conditions and preferences and provide power at the lowest
cost to the customer. Toward this end, four major technology efforts related to CO2
emissions reduction from coal-based power systems must be undertaken:

1. Increased efficiency and reliability of integrated gasification combined cycle
(IGCC) power plants.
2. Increased thermodynamic efficiency of pulverized-coal (PC) power plants.
3. Improved technologies for capture of CO2 from coal combustion- and gasifi-
cation-based power plants.
4. Reliable, acceptable technologies for long-term storage of captured CO2.

Identification of mechanisms to share RD&D financial and technical risks and to
address legal and regulatory uncertainties must take place as well.

In short, a comprehensive recognition of all the factors needed to hasten deploy-
ment of competitive, commercial advanced coal and integrated CO2 capture and
storage technologies—and implementation of realistic, pragmatic plans to overcome
barriers—is the key to meeting the challenge to supply affordable, environmentally
responsible energy in a carbon-constrained world.

A typical path to develop a technology to commercial maturity consists of moving
from the conceptual stage to laboratory testing, to small pilot-scale tests, to larger-
scale tests, to multiple full-scale demonstrations, and finally to deployment in full-
scale commercial operations. For capital-intensive technologies such as advanced
coal power systems, each stage can take years or even a decade to complete, and
each sequential stage entails increasing levels of investment. As depicted in Figure
1, several key advanced coal power and CCS technologies are now in (or approach-
ing) an ‘‘adolescent’’ stage of development. This is a time of particular vulnerability
in the technology development cycle, as it is common for the expected costs of full-
scale application to be higher than earlier estimates when less was known about
scale-up and application challenges. Public agency and private funders can become
disillusioned with a technology development effort at this point, but as long as fun-
damental technology performance results continue to meet expectations, and a path
to cost reduction is clear, perseverance by project sponsors in maintaining momen-
tum is crucial.

Unexpectedly high costs at the mid-stage of technology development have histori-
cally come down following market introduction, experience gained from ‘‘learning-
by-doing,’’ realization of economies of scale in design and production as order vol-
umes rise, and removal of contingencies covering uncertainties and first-of-a-kind
costs. An International Energy Agency study led by Carnegie Mellon University
(CMU) observed this pattern of cost-reduction-over-time for power plant environ-
mental controls, and CMU predicts a similar reduction in the cost of power plant
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1 IEA Greenhouse Gas R&D Programme (IEA GHG), ‘‘Estimating Future Trends in the Cost
of CO2 Capture Technologies,’’ 2006/5, January 2006.

CO2 capture technologies as the cumulative installed capacity grows.1 EPRI concurs
with their expectations of experience-based cost reductions and believes that RD&D
on specifically identified technology refinements can lead to greater cost reductions
sooner in the deployment phase.

Of the coal-based power generating and carbon sequestration technologies shown
in Figure 1, only supercritical pulverized coal (SCPC) technology has reached com-
mercial maturity. It is crucial that other technologies in the portfolio—namely ultra-
supercritical (USC) PC, integrated gasification combined cycle (IGCC), CO2 capture
(pre-combustion, post-combustion, and oxy-combustion), and CO2 storage—be given
sufficient support to reach the stage of declining constant dollar costs before society’s
requirements for greenhouse gas reductions compel their application in large num-
bers.

Figure 2 depicts the major activities in each of the four technology areas that
must take place to achieve a robust set of integral advanced coal/CCS solutions. Im-
portant, but not shown in the figure, are the interactions between RD&D activities.
For example, the ion transport membrane (ITM) oxygen supply technology shown
under IGCC can also be applied to oxy-combustion PC units. Further, while the in-
dividual goals related to efficiency, CO2 capture, and CO2 storage present major
challenges, significant challenges also arise from complex interactions that occur
when CO2 capture processes are integrated with gasification- and combustion-based
power plant processes.
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